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FOREWORD

In March 1995, the North American Technology and Industrial Base Organization’s (NATIBO) Steering
Committee commissioned a study of ion beam processing (IBP) technologies applications and their
implementation throughout North America’s defense and commercial industrial bases.

This report provides the results of the study of IBP applications and implementation conducted between
April 1995 and May 1996.  It highlights the current state of the technology, and identifies and examines
technical and socio-economic barriers and facilitators to implementation, as well as potential dual-use
applications of IBP technologies.  In addition, it recommends cultural conditions that need to be fostered
and steps that need to be taken to ensure the adoption and the effective widespread use of IBP technologies
in support of the military and civilian industrial sectors.

This report was prepared by BDM Federal, Inc. (BDM), 1501 BDM Way, McLean, VA 22102 for
NATIBO under contract number DAAA08-91-D-0008.  Ed Dorchak managed the study.  Principal
investigators and authors of the report were Michael Brown, Mel Hafer, and Mark Priest.
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DISCLAIMER

The mention of specific products or companies does not constitute an endorsement by BDM, the U.S.
Government, or the Canadian Government.  Use of the information contained in this publication shall be
with the user’s understanding that neither BDM nor the two Governments, by the inclusion or exclusion of
any company in this document, provides any endorsement or opinion as to the included or excluded
companies’ products, capabilities, or competencies.  The list of companies contained in this document is not
represented to be complete or all inclusive.
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EXECUTIVE SUMMARY

ES.1 Introduction

The purpose of this NATIBO study was to assess the maturity, level of use, utility, and viability of ion beam
processing (IBP) technologies for metal surface finishing applications.  Over the past decade, ion
implantation, the most visible IBP technology, has been able to find a technical and commercial niche
improving the wear properties of medical devices such as titanium hip and knee joints.  Ion implantation has
also been widely used in the semiconductor industry sector for more than thirty years to provide precise
control of semiconductor wafer manufacturing.  However, IBP technologies have not been able to
successfully penetrate other North American metal surface finishing markets despite successful
demonstrations in many applications.

The objectives of the study were:

• Identify the status of IBP technology development,

• Identify current and potential application areas,

• Identify the benefits of IBP technologies,

• Identify current defense and commercial activities related to IBP technology development and use,

• Identify limitations and barriers to IBP technology use, and

• Recommend actions for government and industry to fully capitalize on the potential of IBP

technologies in the metal surface finishing industry sector.

This study encompassed the collection and analysis of technical, business, and policy information related to
IBP research efforts and industrial capabilities in both the U.S. and Canada.  Additional information on
foreign research efforts and capabilities was collected and analyzed where possible.  The IBP technologies
investigated and analyzed in this study were:

• • Mass analyzed ion implantation, the technique used in semiconductor manufacturing;
• • Direct nitrogen ion implantation;
• • Direct metal ion implantation;
• • Plasma source ion implantation (PSII); and,
• • Ion beam assisted deposition (IBAD).

NATIBO initially selected IBP technologies to study under this program because of the environmental
benefits offered by these technologies as potential alternatives or enhancements to cadmium and chromium
electroplating.  As the study evolved, though, the study team recognized that the IBP technologies have
broader application in the metal surface finishing industrial sector and the focus of the effort was modified
accordingly.  The environmental benefits of the technologies were still considered, but in the larger context
of solving troubling metal surface finishing problems.

ES.2 Demographics

Companies, U.S. and Canadian Government researchers, and academic researchers were considered in this

study.
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ES.2.1 Companies

Companies involved in studying and advancing IBP technologies include those companies which provide

and manufacture the equipment used in the process of IBP, and those actually involved in applying these

technologies to various applications.  Table ES-1 illustrates the key industry players in the IBP technologies

area for metal surface finishing and their areas of concentration and study.

Table ES-1.  IBP Technology Companies

Company
Hardware
Provider

Service
Provider Researcher

Nitrogen Ion
Implantation

Metal Ion
Implantation

PSII IBAD

Beamalloy X X X X
Boeing X X X
Eaton Corp. X X X
Empire Hard
Chrome

X X X

Epion Corp. X X X X X X
GM R&D
Center

X X X

Hughes
Research  Lab

X X X

Implant
Sciences

X X X X X X

ISM
Technologies

X X X X X

NDCEE
Spire Corp. X X X X X X
Southwest
Research
Institute

X X X X X

ES.2.2 Government Researchers

Government researchers involved in studying and advancing IBP technologies include laboratories and

depots within the U.S. Department of Defense (DOD) and the Canadian Department of National Defence

(DND).  The U.S Department of Energy (DOE) National Labs also have substantial programs on IBP

technology research and equipment development as a result of the fusion and space weapons programs.

The Advanced Research Projects Agency (ARPA) and the U.S Environmental Protection Agency sponsor

research to evaluate alternatives to pollution causing metal finishing techniques such as cadmium and

chromium electroplating.  Table ES-2  provides a snapshot view of these government players and their IBP

technology areas of research.
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Table ES-2. Government IBP Technology Researchers

Agency Nitrogen Ion
Implantation

Metal Ion
Implantation

PSII IBAD Other

DoD
ARL X X X2,3

ARPA X4

CCAD X X1

NRL X X X2,3

Wright Lab X
DOE
LBL X
LLL X
LANL X
ORNL X X
Other
EPA X4

1 Electroplating
2 Ion beam mixing
3 Semiconductor ion implantation
4 Proponent

ES.2.3 Academic Researchers

Academic researchers within the U.S. and Canada are actively involved in further understanding the basic

science of IBP technologies.  Table ES-3 provides a summary of the most prominent academic IBP

researchers.

Table ES-3.  Academic IBP Technology Researchers

Academic
Researcher

Nitrogen Ion
Implantation

Metal Ion
Implantation

PSII IBAD Other

BIRL/
Northwestern

X X X 1,2

INRS-Montreal X
University of
Tennessee

X

Univ. of
Wisconsin

X X X X 1,2

1 Ion Beam Mixing
2 Semiconductor ion implantation
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ES.3 Applications

The largest current metal finishing application of IBP technologies is in the medical industry sector.  Mass

analyzed ion implantation is typically used to implant nitrogen into a number of medical devices to improve

wear resistance, and thereby increase life expectancy of the medical implant.  Examples of the ion

implanted devices include hip replacements, knee joints, shoulder implants, spinal screws, and dental

implants.  Industry experts estimate that in excess of 100,000 components are ion implanted each year.

IBP technologies have been demonstrated in many other application areas, including the aerospace,

automotive, and cutting tool areas.  Table ES-4 summarizes the example applications for IBP technologies

in these areas, as well as the medical area.  The documented successes of IBP technologies in these

application areas warrant further consideration.

Table ES-4.  Current and Demonstrated Potential Ion Beam Technology Applications

Application
Area Example Applications Current

Demon-
strated

Potential IBP Technology
Competing
Technology

Medical hip replacements, knee joints,
shoulder implants, spinal screws,
dental implants, optical filters,

X-ray mirrors

X X nitrogen ion
implantation,

IBAD

chemical vapor
deposition,

physical vapor
deposition,

Aerospace ball bearings, hinge pin bearings,
gear box bearings, gears, pillow
blocks, turbine blades, turbine

vanes

X nitrogen ion
implantation,

IBAD

thermal spray,
ion plating

Automotive cylinder liners, piston rings, cam
shafts, cam followers

X nitrogen ion
implantation

thermal spray,
sputtering

Tools and
Dies

cutting tools, punches, tool
inserts, knives

X X nitrogen ion
implantation,

metal ion
implantation

chemical vapor
deposition,

physical vapor
deposition,

Non-metallic
Materials

ceramic internal combustion
engine components, plastics,

glass

X metal ion
implantation,

IBAD

ES.4 Benefits of IBP Technologies

The are many benefits to using mass-analyzed and direct ion implantation for metal surface finishing.
These benefits are:

• Ion implantation is an environmentally acceptable metal surface treatment process;

• Ion implantation processing costs are decreasing;

• Surface properties such as wear resistance and corrosion resistance of implanted parts are improved;
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• Surface properties of parts can be tailored without adversely affecting bulk properties;

• Ion implantation is a comparatively low temperature process;

• Since ion implantation is not a coating process there is no possibility of a coating delaminating;

• Ion implantation is a highly controllable and reproducible process, as evidenced in the semiconductor

industry;

• Ion implantation does not change the dimensions of implanted parts;

• Implanted parts do not require any additional rework;

• Virtually any element in the periodic table can be implanted; and,

• Ion implanted parts are biocompatible.

In addition to the above benefits, there are also advantages specific to the use of PSII.  These benefits are:

• PSII allows non-line-of-sight processing;

• Workpiece manipulation is not required; and,

• PSII promises faster throughput than either mass-analyzed or direct ion implantation.

IBAD is a hybrid of ion implantation and physical vapor deposition.  It combines the advantages of both
techniques.  These benefits are:

• IBAD is a comparatively low temperature process like ion implantation;

• IBAD coatings exhibit high adhesion;

• There is no inherent coating thickness limitation;

• IBAD coatings exhibit higher density than traditional coatings such as electroplated coatings;

• IBAD is a highly reproducible process; and,

• IBAD allows precise modulation of composition with depth, allowing the development of exotic

coatings.

ES.5 Barriers to Commercialization

Two types of barriers to commercialization were discovered for IBP technologies: socio-economic barriers

and technical barriers.

ES.5.1 Socio Economic Barriers

From a socio-economic and market perspective, the primary barriers are related to the current financial

burden associated with acquiring and operating IBP equipment, and the nature of the technologies.  Other

barriers are based upon perceptions that were fostered during the initial commercialization of the IBP

technologies in the 1980’s.  The specific barriers are as follows:

• IBP technologies require high capital investment cost;
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• IBP technologies processing costs are high compared to traditional techniques such as electroplating;

• IBP technologies have higher labor costs than traditional metal surface finishing techniques;

• IBP technologies are thought to be harmful, and difficult to understand and implement;

• The continued development of low-cost environmental remediation techniques for traditional metal

surface finishing techniques;

• Market conservatism;

• Conflicting production priorities; and,

• Need for specification changes in order to implement IBP technologies.

ES.5.2 Technical Barriers

The technical barriers to the commercialization of IBP technologies are directly related to the physical

limitations of the IBP processes and equipment, and the present gaps in knowledge regarding the physics of

the implantation process.  The specific technical barriers are:

• With the exception of PSII, IBP technologies are line of sight processes;

• Size of vacuum chambers limits the size of pieces that can be treated;

• Wear and corrosion testing is difficult;

• Implantation non-uniformity;

• Shallow penetration depth of the implant;

• Lack of knowledge of optimum ion implantation parameters; and,

• Lack of understanding of implantation mechanisms that improve wear or corrosion resistance.

ES.6 Conclusions

The conclusions are of this study are based on observations of the current technical and business

environment associated with the IBP technologies.  The specific conclusions of this study are as follows:

• Ion implantation is a mature, environmentally safe process;

• Ion implantation has a niche in the medical device industry sector;

• PSII and IBAD are less mature technologies and therefore require additional study;

• IBP technologies have not achieved wide acceptance for metal surface finishing applications in North

America;

• IBP technologies have potentially high dual-use applicability;

• Direct ion implantation of nitrogen and metal ions are technologies that have been demonstrated and

are ready for metal surface finishing applications;
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• Far Eastern, Russian and European markets are the most viable current markets for IBP technologies;

• Japan has invested heavily in IBP technologies through the Advanced Material Processing and

Machining Technology Research Association (AMMTRA) program; and,

• Financial investment for IBP technologies is both considerable and risky.

ES.7 Recommendations

The recommendations resulting from this study are designed to overcome the market and technical barriers

to commercialization and address appropriate conclusions presented above.  The recommendations define

specific actions that could be undertaken to foster the advancement and successful incorporation of IBP

technologies, and ensure the dual-use of these technologies within the North American commercial and

defense industrial bases.  The specific recommendations of this study are:

• Develop additional IBP metal surface finishing capabilities with DOD and DND sustainment

communities;

• Develop a near-term IBP technology insertion program to highlight potential of IBP technologies;

• Ensure adequate funding and management oversight of IBP R&D efforts to overcome the technical

barriers;

• Sponsor education activities such as workshops and conferences;

• Organize a multilateral, multiservice IBP Technology Working Group with DOD and DND Co-Chairs;

• Collaborate with a professional/technical organization to explore possible commercial IBP technology

standard development;

• Develop an outreach program to educate and inform small businesses of the benefits of IBP

technologies; and,

• Establish Memoranda of Understanding (MOUs) with foreign countries to facilitate joint technology

development.

• Collect and validate cost data to permit valid comparison of the IBP costs with other metal surface

finishing techniques;
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1.0 INTRODUCTION

1.1 Background

The North American Technology and Industrial
Base Organization (NATIBO) is chartered to
facilitate cooperative technology and industrial
base planning and program development among
the U.S. Military Services and Canada.  To
further this mission, the NATIBO has
spearheaded an effort to address the challenges
of advancing and maintaining technological
superiority in light of reduced government
research and development funding.  The criteria
used for selecting technologies to study through
this program are:

• the candidate is a key technology area of

high interest,

• there is potential for both military and

commercial application,

• development and/or production exists in

both the U.S. and Canada, and

• there is a good window of opportunity for

investment and application.

Through this initiative, common areas of interest
are assessed jointly, allowing participating
organizations to capture the information they
need cost effectively, avoid duplication of effort,
and capitalize on scarce resources.

1.2 Purpose

The purpose of this study is to assess the
maturity, level of use, utility, and viability of ion
beam processing (IBP) technologies for metal
surface finishing applications.  Over the past
decade, ion implantation, the most visible IBP
technology, has been able to find a technical and
commercial niche improving the wear properties
of medical devices such as titanium hip and knee
joints.  However, IBP technologies have not been
able to successfully penetrate other North
American markets despite successful demon-
strations in many applications.

This report investigates IBP technologies from
technological, cultural, policy, financial, and

effectiveness points of view and develops
conclusions regarding the status of IBP
technologies from each of these perspectives.
Recommendations regarding actions that the
defense community might consider in response to
these conclusions are also presented.

1.3 Objectives

This study identifies and assesses the maturity
and applicability of IBP technologies to solve
many metal surface finishing problems found in
the North American industrial base.

The objectives of the study are to:

• Identify the status of IBP technology

development,

• Identify current and potential application

areas,

• Identify the benefits of IBP technologies,

• Identify current defense and commercial

activities related to IBP technology

development and use,

• Identify limitations and barriers to IBP

technology use, and

• Recommend actions for government and

industry to fully capitalize on the potential of

IBP technologies in the metal surface

finishing industry sector.

This report describes the current status of IBP
technologies and future trends.  The report also
explores the military and commercial appli-
cations of these technologies and the transfer of
the technologies among government organi-
zations and between government and private
industry.  Major government, industry and
academia players in the technologies are
identified and advantages and limitations of these
technologies are discussed and analyzed.  From
this analysis, conclusions regarding IBP
technologies and their further commercialization
are discussed in Section 7.0.  The recommen-
dations addressing these conclusions are also
provided for potential future action in Section
8.0.
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1.4 Scope

This study encompasses the collection and
analysis of technical, business, and policy
information related to IBP research efforts and
industrial capabilities in both the U.S. and
Canada.  Additional information on foreign
research efforts and capabilities was collected
and analyzed where possible.  The two IBP
technologies investigated and analyzed in this
study are ion implantation and ion beam assisted
deposition (IBAD).

The NATIBO initially selected IBP technologies
to study under this program because of the
environmental benefits offered by these
technologies as potential alternatives or enhance-
ments to cadmium and chromium electroplating.
As the study evolved, though, the study team
recognized that the IBP technologies have
broader application in the metal surface finishing
industrial sector and the focus of the effort was
modified accordingly.  The environmental
benefits of the technologies are still discussed,
but in the larger context of solving troubling
metal surface finishing problems.

1.5 Methodology

The IBP technology study required a clear,
concise, and well-defined methodology to survey

industry effectively and compile military, com-
mercial, political and academic perspectives.
The data collected and analyzed for this study
were drawn from previously published reports,
conference proceedings, journal articles, Internet
home pages and other online sources, and
discussions with US and Canadian represen-
tatives from industry, government and academia.
The methodology employed is depicted in Figure
1-1.

The study group’s goal was to meet with a
representative sample of IBP and metal finishing
technology researchers, service and equipment
providers, end users, proponents and policy
makers.  Factors taken into consideration in
selecting sites to visit included volume and
business with the individual Services and with
industry, industrial sector involved, market niche,
state of the technology, applications, and new
technology development.  Site visits were
conducted in seven regional areas: Canada
(twice), Midwest, Boston, Southwest, Southeast
and West Coast.

When it was determined that an industry,
university, or government site would not be
visited, an extensive phone interview was
conducted.  Data collection guidelines were
developed and used to facilitate obtaining data
from all points of contact either through
telephone interviews and/or site visits.

Recommendations

Technology
Assessment

Policy
Analysis

Investment 
and Payoffs

Barriers

Facilitators
and Benefits

Site
Visits

Literature/
Policy
Search

Phone
Interviews

Data Collection Assessment Findings Recommendations

Figure 1-1.  IBP Technology Study Methodology.
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Data collected from relevant documents, World
Wide Web sites, site visits, and phone interviews
were analyzed and incorporated into key sections
of this report: technology overview, applications,
technology benefits, demographics, technology
limitations, conclusions, and recommendations.
This report functioned as a working document
throughout the data collection and analysis
phases of this study.

1.6 Report Structure

Section 2.0 of this report provides technical
background and descriptions of IBP tech-
nologies.  Basic metal finishing techniques are
first reviewed to provide a context for discussing
IBP technologies for metal finishing applications.
The technical aspects of ion implantation and
IBAD processes are then described.

Section 3.0 presents an overview of the
commercial, government and academia entities
currently active in the IBP technology field.
Emphasis is on the North American sector but
foreign entities are also discussed.

Section 4.0 describes current and potential
applications of ion implantation and IBAD with
an emphasis on metal finishing applications.
Both military and commercial applications are
considered.

Section 5.0 summarizes benefits of the IBP
technologies.  The purpose of this section is to
succinctly combine elements of sections 2.0, 3.0
and 4.0 to reinforce the potential of IBP
technologies to solve many metal finishing
problems.

Section 6.0 describes barriers limiting the
commercialization of IBP technologies.

Section 7.0 presents general conclusions of the
report.

Section 8.0 provides specific recommendations
for addressing the barriers and conclusions
discussed in sections 6.0 and 7.0.

Helpful appendices are also provided to assist in
the reading of the report, and to expand on
results that are summarized in the body of the
report.
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2.0 TECHNOLOGY OVERVIEW

The purpose of this chapter is to present a brief

technical context and overview of the two IBP

technologies of interest to this report: ion

implantation and ion beam assisted deposition

(IBAD).  Other metal finishing techniques are

presented and discussed as appropriate.  The

intent is to provide the reader enough technical

information to understand the technical content

of the remainder of the report.  It is not the intent

to provide an exhaustive overview of the IBP

technologies or other metal finishing

technologies.

2.1 Ion Beam Processing Technologies in
the Context of Other Metal Finishing
Technologies

Metal finishing technologies include a broad

spectrum of coating and surface modification

techniques.  Table 2-1 illustrates the variety of

metal finishing techniques used today.  Many of

the techniques serve the same applications and

provide similar performance properties.  Table 2-

1 first summarizes techniques that are relatively

simple and inexpensive to implement, and are

readily available commercially.  Electroplating

falls into this category.  Then the table

summarizes techniques that are more compli-

cated in terms of equipment requirements and

that may also have high temperature and/or

vacuum requirements.  Finally, the table

summarizes techniques that require still more

complex and specialized equipment.  The

techniques in the latter two categories are

typically more expensive to implement compared

to the simple techniques because of these

additional equipment requirements.  Ion implan-

tation and IBAD fall into the last of the three

categories.

Presently, the metallic coating and finishing

industry is re-evaluating many of the current

techniques shown in Table 2-1 in an effort to

prevent pollution, and reduce, minimize or

eliminate hazardous waste generation.  This re-

evaluation is being driven by the need to comply

with numerous regulatory statutes, including the

Clean Water Act (CWA), the Clean Air Act

Amendments of 1990 (CAAA), the Resource

Conservation and Recovery Act (RCRA), and the

Canadian Environmental Protection Act, among

others.  CWA Titles III (standards and

enforcement) and IV (permits and licenses) are

of particular interest to metal finishers because

they outline the regulation of wastewater

pollutant discharges.  Air emissions are primarily

governed by Titles III and IV of the CAAA.

Title III covers air emissions of hazardous air

pollutants such as cadmium, chromium, and lead.

Title IV pertains to the phase-out of ozone

depleting chemicals (ODCs) that have

historically been used for cleaning and

pretreating prior to metal coating or finishing.

The RCRA provides for the management,

treatment, and disposal of hazardous waste and

mandates hazardous waste tracking.

Additionally, workplace regulations originating

from the Occupational Safety and Health

Administration (OSHA) are becoming

increasingly stringent in the amounts toxic metals
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Table 2-1.  Metal Surface Finishing Techniques

Type Of
Process

Process Substrate Relative
Cost

Environ.
Concerns

Applications Coating
Types

Simple Anodizing Al, Mg, Zn, Be,
Ti, Zr, Th,
Stainless Steel

Low Disposal of
chromates and
phosphates

Corrosion resistance for
aircraft and architectural
hardware; decorative,
electrical insulation

Oxides of
metals

Chemical
Conversion

Fe, steels, Cd,
Al, Zn, Mg and
their alloys

Low Solvent
Emissions,
polluted waters,
disposal of
heavy metals,
chromates

Pre-paint treatment;
electrical resistance,
decorative

Oxides,
manganates,
molybdenates,
phosphates,
and chromates

Electroplating Fe, Mg,  steels,
Zn, Cu, and Ni
alloys;
ceramics;
plastics

Low Solvent
emissions, toxic
acid mists,
polluted waters,
sludges
containing toxic
metals

Contact, wear, and
corrosion resistance;
decorative; electrical
conductivity

Metals

Electroless
Plating

Metals,
ceramics,
semiconductors

Moderate Hazardous
vapor
treatment,
disposal of
waste sludge,

Contact, wear, and
corrosion resistance;
decorative; electrical
conductivity

Metals

Mechanical
Plating

Ferrous metals,
Cu and its
alloys

Low Residual metals
inc. Al, Cd, Cr,
Zn; solid waste,
polluted waters

Corrosion resistance Malleable
metals

Complex Cladding Metals Low to
Moderate

Disposal of
cleaning
solvents;
solvent
emissions

Decorative properties;
wear and corrosion
resistance; increased
hardness

Metals

Detonation Gun Metals High Noxious
emission;
solvent
emissions;
metal fumes;
noise

Corrosion, oxidation,
and abrasion resistance;
cathodic, EM and RF
protection; electrical
and thermal properties

Tungsten
carbide,
chromium
carbide,
aluminum
oxide

High Velocity
Oxygen Fuel

Metals, some
ferrous alloys

Moderate Possible use of
CFC cleaning
solvents; noise;
combustion
gases

Corrosion and wear
resistance on machine
and aircraft parts

Metals,
ceramics

Plasma Arc Metals, some
ferrous alloys

High Possible use of
CFC cleaning
solvents; noise;
metal fumes
and overspray

Corrosion resistance of
small precision parts

Metals

Vacuum
/Plasma

Metals Moderate
to High

Solvent
emissions;
fumes and
overspray may
contain toxic
metals; ozone;
noise

Corrosion, oxidation,
and abrasion resistance;
cathodic, EM and RF
protection; electrical
and thermal properties

Tungsten
carbide,
chromium
carbide,
aluminum
oxide

Wire Arc Metals, papers,
plastics

Low Solvent
emission; metal
fumes;
Overspray may
contain toxic
metals

Corrosion, oxidation,
and abrasion resistance;
cathodic, EM and RF
protection; electrical
and thermal properties

Cu, Zn, Al,
ferrous alloys
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Table 2-1.  Metal Surface Finishing Techniques (continued)

Type Of
Process

Process Substrate Relative
Cost

Environ.
Concerns

Applications Coating Types

Very Complex Chemical
Vapor
Deposition

Metals, plastics,
ceramics

Moderate
to High

Solvent
emissions;
corrosive
chemicals in
traps;
potentially toxic
vapors

High density, purity and
strength; oxidation,
corrosion, and abrasion
resistance; increased
hardness

Variety of pure
metals,
carbides,
nitrides,
borides,
silicides, and
oxides of
metals

Electron Beam
Evaporation

Any electrically
conductive
material stable
at high temps

High Solvent
emissions

Increased hardness;
wear and corrosion
resistance; insulating,
resistive, conductive,
and decorative
properties

Metals

Ion Beam
Assisted
Deposition

Metals, plastics,
glass

High Solvent
emissions,
contaminated
oils

Improved hardness,
wear and corrosion
resistance

Metals, metal
alloys,
dielectric and
insulating
materials)

Ion
Implantation

Any solid High Solvent
emissions,
contaminated
oils

Improved hardness,
wear and corrosion
resistance

Alloys of most
elements (gases
and metals)

Ion Plating Conductive and
non-conductive
substrates

High Solvent
emissions;
metal exhaust
vapors

Corrosion resistance Metals, alloys

Physical Vapor
Deposition

Metals High Solvent
emissions, solid
waste

Oxidation, corrosion,
and wear resistance

Metals,
ceramics,
semiconductors

Sputtering Metals, non-
conductive
materials,
plastics

High Solvent
emissions; solid
waste

Corrosion resistance;
durability; resistance to
impact; decorative,
insulating, and
reflective properties

Metals, metal
alloys,
dielectric and
insulating
materials

Vacuum
Metallizing

Metals, plastics,
glasses, papers,
and fabrics

Moderate Solvent
emissions

Reflective, absorptive
and decorative
properties; corrosion
resistance

Metals

such as cadmium and hexavalent chromium that

can be detected in the air or in wastewater found

in metal finishing plants.

Traditional finishing processes such as

electroplating often produce hazardous wastes

that are increasingly expensive and difficult to

dispose of because of the above mandates.  Non-

traditional metal finishing techniques such as ion

implantation and IBAD are receiving increasing

attention because of the rising environmental

remediation costs of the standard techniques.

The following sections describe the ion

implantation and IBAD techniques.

2.2 Ion Implantation

The technique of ion implantation was developed

during the early 1960’s as a method to introduce

precise quantities of electrically active or dopant

ions into semiconductor materials of micro-

electronic devices.  It is now the standard

semiconductor processing technique for

providing these dopants.
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Table 2-2 summarizes the history of ion

implantation of metal substrates.  Ion implan-

tation of metal substrates began in the early

1970s.  Following the work of Harwell Labs in

England, the Naval Research Laboratory (NRL)

initiated a MANTECH Program in ion

implantation to determine if the process had

potential for DoD aerospace bearings.  Spire

Corporation was the contractor for this effort.  A

large portion of the work performed by Spire was

related to the development of hybrid implantation

processes that they later enhanced for medical

applications.

Table 2-2.  History of Ion Implantation
Technology Development

Year Activity

1971 • Implantation in semiconductors
commercialized

• Research started on implantation of
metals at UK Harwell Labs

1976 First Harwell prototype implanter for
metal substrates

1982 Navy MANTECH program on ion
implantation started.

1983 First US commercial implanter for metals
developed.

1985 Second Harwell prototype metal implanter
1986 Japanese AMMTRA project started
1990 Prototype PSII implanter developed

(University of Wisconsin)
1992 MEVVA metal ion source

commercialized.
1994 CCAD nitrogen implanter installed
1994 • LANL/GM PSII CRADA

• NDCEE/CTC environmentally safe
alternative coatings effort started

During the NRL MANTECH Program, a private

sector venture called Zymet Corporation was

initiated by Eaton Corporation to try to take

advantage of the technological lessons learned

during the MANTECH Program.  The purpose

was to design a cheap commercial implanter

capable of implanting and refurbishing machine

tools, dies, and punches initially, and other

applications after the technology and concept

were proven.  The implanter that resulted was a

small machine, 20 inches in diameter and 12

inches deep, that could only handle parts on a 8

inch platen.  This size limitation restricted its

applicability.  The venture, though, also ran into

a number of other obstacles.

First, Zymet had a difficult time convincing tool

and die makers to try ion implantation.  The

Zymet President believes this may have been a

“visibility quality control” problem.  Since the

tools and die makers couldn’t measure or visibly

see the effect of the implant, they had to be

convinced that Zymet had actually done

something with the part.  Second, the tool and die

market was a very conservative market.  Most of

the tool and die vendors saw no reason to change

their way of doing business.  Also, whenever a

tool or die wore down it was typically replaced

with a new tool or die and the old one was

thrown away.  There simply was not a large

refurbishment market.

Before Zymet closed operations, they sold 15

implanters, most of which are still operational.

Some were sold overseas, one was sold to

Beamalloy Corporation in Dublin, Ohio, and two

were purchased by Implant Sciences Corporation

in Beverly, Massachusetts.
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Besides Zymet, other companies also tried to

market IBP technologies during the early-to-mid

1980s for metal surface applications.  These

companies included Ionic Atlanta, Ion Surface

Technologies and Omni Implantation.  When

Zymet closed operations the entire industry

appeared to lose its primary marketing focus.  As

a result, the three other companies mentioned

above also soon went out of business.

The primary thrust in the attempts to

commercialize ion implantation technologies has

been to modify surface properties such as wear

and corrosion by implanting appropriate alloying

elements (see Table 2-3).  Metal implants, in

contrast to semiconductor implants, require high

fluences to effect the desired property changes.

Furthermore, the process has been in competition

with the other surface modification and coating

techniques found in Table 2-1 such as

electroplating, CVD, PVD, and thermal spraying.

Most of the other techniques have thicker

treatment depths and have been established in

industrial practice.  Consequently, penetration of

the commercial market has not been as successful

as ion implantation of semiconductors.

Research has demonstrated that properties such

as hardness, wear resistance, coefficient of

friction, fatigue strength, film adhesion, and

corrosion resistance can be significantly

improved by ion implantation.  Table 2-3

summarizes the ion species that have been used

to produce these improved properties.

Table 2-3.  Surface Properties Modified by Different Ion Species

Surface Property Substrate Material Typical Implant Elements

Wear Resistance Steels, ceramics, carbides,

plastics

Ti, Ti&C, N, Y&N, Ti&Ni, Zr,

Y, Y&C, O, C, B

Hardness Metals, plastics, ceramics Cr, Mo, Ti, Y, Zr, Nb, Ta

Friction Ceramics, steels, plastics Ti, Ti&Ni, Co, Cr, Ti&C

Fatigue Life Metals Ta, W, Re

Fracture Toughness Ceramics, carbides Zr, Cr, Ti

Corrosion Resistance Metals, ceramics, glasses Cr, Mo, Ta, Y, Ce

Oxidation Resistance Titanium, superalloys Y, Ce

Resistance to Hydrogen

Embrittlement

Steels Pt, Pd

Optical Properties Glasses, plastics Nb, Ti, Mo, Zr, Y
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Even though ion implantation is relatively

complex in terms of the equipment required, it is

a relatively simple process.  By removing

electrons from atoms in a vacuum, a combination

of positively charged ions and negatively charged

electrons, called a plasma, is formed.  Electric

fields affect the plasma constituents.  Positive

electrodes attract the negatively charged

electrons and repel the positively charged ions;

negative electrodes attract the ions and repel the

electrons.  Ion implantation consists of basically

two steps: (1) form a plasma of the desired

material, and either (2) extract the positive ions

from the plasma and accelerate them toward the

target, or (3) find a means of making the surface

to be implanted the negative electrode of a high

voltage system.  As seen in the sections that

follow, case (2) applies to mass analyzed ion

implantation and direct ion implantation, and

case (3) applies to plasma source ion

implantation.  The system to form the plasma is

called the ion source; the system to move the ions

to the target is called the delivery system.  The

combination of the ion source and the delivery

system is called the accelerator.

To better understand ion implantation, one can

consider an analog with what happens when a

concrete wall is shot with bullets from a machine

gun.  In this process the front surface of the wall

is filled with bullets in the region close to the

surface to a depth dependent on the mass and

velocity of the bullets.  In the same way the

surface of a material struck by an ion beam will

contain ions, be they gaseous or metal, from the

ion beam.  Unlike the bullet analogy, though, the

implanted ions can combine chemically with the

surface material.  Additionally, whereas the wall

is weakened by the bullet damage, the damage

caused by ion implantation has actually been

found to enhance properties by creating

dislocations that suppress crack formation.  This

dislocation network has been found to contribute

to increased hardness and wear resistance.

2.2.1 Ion Implantation Methods

There are three methods commonly used for ion

implantation.  They differ in the way in which

they either form the plasma or make the surface

to be implanted the negative electrode.  The three

methods are mass analyzed ion implantation

(MAII), direct ion implantation (DII), and

plasma source ion implantation (PSII).  All three

methods are performed in a high vacuum

chamber.  They are isolated by the vacuum

chamber from the outside environment.  These

three methods are further discussed in the

sections that follow.

2.2.1.1 Mass Analyzed Ion Implantation

MAII is the technique that is used in

semiconductor processing.  It is also called mass-

analyzed ion implantation.  A typical MAII

system is shown in Figure 2-1.  In MAII, the

plasma that is formed in the ion source is not

pure; it contains materials that one does not wish

to implant.  Thus, these contaminants must be

separated from the plasma.  To perform this

separation, the plasma source is placed at a high

voltage and the part to be implanted is placed at
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ground.  This produces a situation where the

target is at a negative potential with respect to the

plasma source. A negative electrode then extracts

the ions from the source.  The ions are then

accelerated by a high voltage source to the target.

Between the ion source and the target is a large

magnet, with magnetic field perpendicular to the

direction of ion motion.  Ions passing through

this magnetic field are bent by the magnetic field.

The amount of bending depends on the ion

material being implanted and the strength of the

magnet.  Heavy ions bend less than light ions.

By proper selection of the magnetic field, the

desired ions can be steered to the target, while

the undesirable ions can be expelled from the

system.

The need for the magnets to separate the desired

ions from the undesired ions makes mass

analyzed ion implantation both very expensive -

especially for applications where existing simple

processes produce similar or better results as

discussed in Table 2-1 - and limited in

throughput.  The magnet is costly to build and

consumes a very large amount of energy.  In

addition, the spread of the ions, or the ion beam.

must be small in order to be properly bent to the

target, but the number of ions cannot be very

high because self-repulsion (remember that all of

the ions have a positive charge) will cause the

beam to diffuse.  For the formation of metal ions,

mass analyzed ion implantation can also present

a toxicity problem.  To obtain high currents of

metal ions, a plasma source is usually used that

forms the plasma by initiating an electric

discharge in chlorine or other toxic gas.

The great advantage of MAII systems is that they

can be used to generate an ion beam of every

element in the periodic table.  Moreover, the ion

beams that are generated, because of the bending

magnet, are extremely pure.  MAII is used

extensively in the electronics industry to dope

semiconductors precisely because such purity is

Magnet

Ion Source

End Station Isolation Valve

End Station

Target Area

Beam Scanning Magnets

Analyzing Magnet

Ion Source Isolation Valve

Figure 2-1.  Mass Analyzed Ion Implantation System Schematic
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very important.  For other ion implantation

applications, though, such as metal finishing

applications, mass analyzed systems are less

useful because of their high costs, limited

throughput, and toxicity concerns.

2.2.1.2 Direct Ion Implantation

DII eliminates the need for the current limiting

magnet found in MAII by using an ion source

that produces a plasma and ion beam of just the

desired material.  A typical DII system is shown

in Figure 2-2.  In DII, the plasma is formed in the

ion source and the ions extracted at high energies

in a wide beam, passing through a valve directly

into the end station, where they ion implant parts

within the target area.  In such a case, the beam

current density can be high (10-50 mA), costs are

greatly reduced, and relatively high throughput

processing is possible.  For uniform implantation

of workpieces with curved or multiple surfaces,

though, either the beam has to be rastered across

the surface of the piece or the workpiece must be

handled with a rotating or tilting platen or some

other manipulator.  As will be discussed below,

the primary ion species used for direct ion

implantation of metals are nitrogen gas and metal

vapor.

2.2.1.3 Plasma Source Ion Implantation

A final variation of the ion implantation process

is the simplest in concept: make the material to

be implanted the negative electrode.  Figure 2-3

depicts a typical PSII system.  In PSII

(sometimes referred to as plasma ion immersion),

the plasma source floods the chamber of the end

station with plasma.  Ions are extracted from the

plasma and directed to the surface of the part

being ion implanted by biasing the part to very

high negative voltages using a pulsed, negative

high voltage power supply.  Because of the bias,

the ions impinge virtually at nearly 90 degrees to

all of the external surfaces, the optimum ion

implantation angle.

While PSII is the simplest in concept, it is

perhaps the most difficult in practice of the three

ion implantation methods.  To make this process

work, the negative bias voltage imparted to the

part to be implanted must be pulsed with a very

Target Area

End Station

Ion Source Isolation Valve

Ion Source

Figure 2-2.  Direct Ion Implantation System
Schematic

Target Area

High Voltage

Bias Connection

End Station

Plasma Source

 Nitrogen Ions

Figure 2-3.  Plasma Source Ion Implantation
System Schematic
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short pulse length.  Otherwise, an arc will form

between the part to be implanted and the

chamber walls or other grounded electrodes,

damaging or destroying the part.  A second

problem is regulating the amount of plasma that

hits the surfaces of the part, and regulating where

it goes.  Ion beams are easy to measure and

direct; plasmas are not.

PSII also lacks the versatility of MAII or DII.  It

cannot treat insulators without additional

equipment, adding to the system complexity.  It

is virtually limited to gas ions.

There are safety problems that must be dealt with

in PSII as well.  Specifically, the parts being

implanted using PSII will emit high energy

electrons when they are hit by the high energy

ions.  In MAII and DII, the emitting electrons

have very little energy and do not cause a

problem.  In PSII these electrons are provided a

significant amount of energy from the negative

bias voltage.  They have enough energy to

produce x-rays when they strike the chamber

walls.  Thus, PSII chamber walls must be

shielded with lead.

2.2.2 Ion Implantation Species

Nitrogen gas ions and selected metal ions are

generally used for ion implantation of metals.

The direct ion implantation method is the

preferred method to implant both types of ion

species.  The characteristics of the these two

technologies are discussed in the sections that

follow.

2.2.2.1 Nitrogen Ion Implantation

Nitrogen ion implantation for surface

modification of metals was pioneered in the

United Kingdom (UK) by Harwell Laboratory in

the early 1970’s.  Nitrogen was chosen because

the value of nitrogen in steels is well known and

because intense nitrogen beams are easily

produced.  The technology of high intensity

nitrogen ion beams was perfected in the course of

nuclear fusion programs.  Since the development

of the nitrogen ion implantation process by

Harwell, numerous companies have tried to

market the technique for surface modification of

metals.  As will be seen in later sections of this

report, however, the technique has not been

widely accepted despite numerous successful

demonstrations.

In a typical direct nitrogen ion implanter,

nitrogen gas is fed into the ion source, where

electrons emitted from a hot filament ionize the

nitrogen atoms and molecules, forming a plasma.

Nitrogen ions are then extracted from the plasma,

focused into a beam and accelerated through a

voltage drop, typically about 100,000 volts.  The

accelerated beam of nitrogen ions is directed at

the surface of the part to be implanted in the

vacuum chamber.  This is the same process

described in Section 2.2.1.2.

Nitrogen ion implantation increases wear and

fatigue resistance, lubricity, and in some cases,

corrosion resistance of metal surfaces.  In

addition, nitrogen ion implantation has been

found to increase the wear life of parts treated

with hard chromium (hexavalent chromium)
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electroplate by between 5 and 10 times.  Thus,

nitrogen ion implantation has the added

environmental benefit of reducing the need to

perform the hard chromium electroplating

process by extending the life of the electroplated

coating.

2.2.2.2 Metal Ion Implantation

Metal vapor ion implantation is a more recent

development than nitrogen gas ion implantation.

The technological development that led to the

development of this process was the invention of

the metal vapor vacuum arc (MEVVA) ion

source at Lawrence Berkeley Laboratory.  ISM

Technologies in San Diego has perfected the ion

source and provides both MEVVA-based ion

implantation equipment and metal ion

implantation services worldwide.

Similar to the source used in nitrogen ion

implantation, the MEVVA source bombards a

workpiece’s surface with accelerated ions.  In the

case of the MEVVA source, though, metal vapor

ions are used instead of nitrogen gas ions.

Chromium, nickel, platinum and titanium are

metal elements that have been implanted using

this process.

One should again note that the normal pollution

problems associated with these metals are

alleviated because the entire implantation process

takes place in a sealed vacuum chamber isolated

from the outside environment.  The plasma in a

MEVVA ion source is generated by a cathodic or

vacuum arc.  The arc produces a very small (1

micron in diameter) cathode spot on the surface

of an ion-forming metal that is co-located in the

source, and acts to create a broad beam of

ionized metal vapor that is directed toward the

target workpiece.

2.3 Ion Beam Assisted Deposition

The IBAD process combines ion implantation

with physical vapor deposition (PVD), usually in

the form of electron beam evaporation.  The

result is a coating that has been shown to

improve corrosion resistance, lower the coeffi-

cient of friction, and improve wear life of pieces

being coated.  The work which demonstrated

these properties of IBAD films was done chiefly

by researchers in the field of thin optical films

during the late 1970s and the early 1980s.  Thus,

IBAD developed independently of ion implan-

tation.  However, it was always understood by

the implantation community that the shallow

depth of penetration of ion implantation was a

major limitation to the development of certain

applications.

The advantages of ion implantation are high

adhesion, bulk density, low substrate

temperature, good reproducibility and control,

and absence of catastrophic stress levels.  The

advantages of PVD are the formation of thick

films, a wider range of film composition and low

cost.  IBAD combines the advantages of ion

implantation and PVD.  For this reason, many

researchers in the ion implantation community

such as Spire Corporation have also developed

significant IBAD capabilities.
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Figure 2-4 shows a typical IBAD system.  A

vapor flux of atoms is generated and deposited

on a substrate using a PVD technique such as

evaporation.  Simultaneously, gaseous ions are

extracted from a plasma similar to the manner

described above for ion implantation and

accelerated into the growing PVD film at

relatively low energies (100 to 1,000 electron

volts).  The ions drive evaporated atoms into the

piece part being coated and produce a graded

interface between the part and the PVD coating,

resulting in improved coating adhesion, film

densification, residual stress modification and

grain size/morphology modification.

In principle, there is no stipulation as to how the

vapor or ion fluxes are generated.  Electron beam

evaporators are generally used to produce the

vapor flux or evaporated atoms to be deposited.

These evaporators are used because they are

capable of evaporating a wide variety of

materials with a wide range of physical

properties.  Other methods such as sputtering are

available but they can only deposit a limited

range of materials.  Gaseous element ion sources

are available for IBAD.  Metallic ion sources are

also available but they typically produce lower

current density, and thus lower penetrating

energy, and also require more complicated

geometries.

Vacuum

Chamber

Cryo-Pump

Substrate

Ion

Source

Evaporator

Substrate

Holder

Figure 2-4.  IBAD System Schematic
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3.0 IBP INDUSTRY DEMOGRAPHICS

This section provides an overview of the

demographics of the IBP community. The

capabilities and R&D interests and pursuits of

companies involved with IBP technologies (both

hardware and service providers), Government

IBP players, and IBP technology researchers, as

well as international players are described.

Collaborative teaming arrangements, market

areas, and current and potential applications are

discussed.

3.1 IBP Companies

Companies involved in studying and advancing

IBP technologies include those companies which

provide and manufacture the equipment used in

the process of IBP, and those actually involved in

applying these technologies to various

applications.  Table 3-1 illustrates the key

players in the IBP technologies area and their

areas of concentration and study.  Also, the table

depicts if the companies are currently working in

other metal surface finishing technologies such as

electroplating, ion beam mixing, and

semiconductor ion implantation.

Table 3-1.  IBP Capabilities of Companies

Company Hardware
Provider

Service
Provider

Researcher Nitrogen Ion
Implantation

Metal Ion
Implantation

PSII IBAD Other

Beamalloy X X X X X 2

Boeing X X X X 1

Eaton Corp. X X X X 3

Empire Hard
Chrome

X X X X 1

Epion Corp. X X X X X X X 4

GM R&D
Center

X X X

Hughes
Research  Lab

X X X X 3

Implant
Sciences

X X X X X X X 2

ISM
Technologies

X X X X X X 2

NDCEE
Spire Corp. X X X X X X X 2, 3

SwRI X X X X X X 2

1 Electroplating
2 Ion beam mixing
3 Semiconductor ion implantation
4 Ion cluster beam
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3.1.1  Beamalloy Corporation, Dublin, Ohio

Beamalloy specializes in nitrogen ion

implantation and IBAD coatings.  Their business

base is exclusively North American.  Over the

past decade, Beamalloy has developed ion

implantation-based processes and systems used

for volume processing of tools and wear

applications to improve wear resistance,

lubricity, or fracture resistance in ferrous and

non-ferrous metals, ceramics, plastics, and

glasses.

Beamalloy is also capable of performing

extensive R&D.  They pioneered the

development of the process to nitrogen implant

components that have already been chromium

electroplated.  This process promises to extend

the life of chrome plate treatments by up to ten

times and reduce the need to perform the plating

operation.  Furthermore, it reduces processing

and environmental remediation costs associated

with the handling and disposal of the hazardous

wastes associated with the chromium plating

operation.

Beamalloy had sales of approximately $1M in

1995, all in the United States and Canada.

Unlike the other IBP technology service centers

(Implant Sciences Corporation, ISM

Technologies, and Spire Corporation), they do

none of their business overseas.

3.1.2 Boeing Corporation, Defense and
Space Group, Seattle, Washington

Boeing’s Defense and Space Group works on the

Comprehensive Chemical Reduction Program

being conducted at Boeing.  The program is five

years old and receives substantial funding.  The

principal goal of the program is the reduction of

solvent and other volatile organic

compounds/chemicals (VOC) usage, but

reduction in the use of heavy metals, such as

cadmium and chromium, is also a concern.

The Boeing group said that OSHA is the most

important regulatory driver for the reduction of

cadmium and chromium.  Boeing has made the

reduction of cadmium and chromium a priority.

Cadmium poses special problems when parts

which are cadmium-coated must later be

reworked.  Boeing no longer uses chromium acid

anodizing solutions and is working to reduce the

usage of chromium primers.  When Boeing

changes or replaces a process, their

subcontractors world-wide must also change their

processes to be consistent.

The Boeing team has looked at several

alternatives to chromium electroplating,

including thermal spray, ion implantation, and

diamond-like carbon coatings. The study team

reported that ion implantation provided better

protection to mating surfaces than diamond-like

carbon in wear tests that that they conducted.
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Boeing has not aggressively pursued IBP

technologies, however.  Boeing is concerned that

IBP technologies are not yet mature enough to be

used in production.  The study team stated that

they were hesitant to use ion implantation,

despite their own test results, because they are

afraid that it yields such a thin layer that it might

wear off of the part.  They are also afraid that by

using a thinner coating layer, the dimension of

the parts would change and render parts in the

current inventory useless because of the change

in dimensions.  Boeing has looked at PSII and is

involved in a collaborative effort with Los

Alamos National Laboratory (LANL) to

investigate this technology.  Boeing is also

considering working with ISM Technologies on

using IBAD technology.

3.1.3 Eaton Corporation, Semiconductor
Equipment Division, Beverly, MA

Eaton Corporation primarily manufactures and

refurbishes custom ion implantation equipment

for semiconductor applications.  All of the

implanters that they manufacture and refurbish

are standard inline beam implanters.  Eaton

offers three different types of implanter machines

- high energy, medium current, and high current.

They have designed these machines to maximize

the flexibility of the equipment to cover a broad

range of doses and energies.  For instance, their

high energy and high current machines  can also

be used for medium current applications, and

medium current machines can be used for some

high energy applications.

Eaton was one of the first companies in the U.S.

to recognize the potential of ion implantation into

metals.  Based upon results of numerous R&D

activities both within the government and private

industry, Eaton launched a separate company in

the early 1980’s called Zymet specifically to

develop ion implantation equipment for metal

finishing applications and to develop a market

for the ion implanted parts.

Zymet manufactured two types of implanters: the

Z100 and the Z200.  The Z100 was strictly a

nitrogen implanter that was developed to implant

small parts machine tools and anatomical

prostheses.  It was designed to cost 1/10th as

much as normal semiconductor implanters and

had a relatively small reaction vacuum chamber,

on the order of one foot by two feet.  The Z200

was essentially the same as the Z100 but was

capable of both thin film and nitrogen

implantation.  It could also incorporate an

electron-beam evaporator.

However, Zymet, after building 14 or 15

machines, closed operations.  A number of

reasons are cited for this failure.  First, due to the

relative immaturity of the technology and a lack

of knowledge of the potential market, Zymet

built unique implanters for specific tool and die

sets.  This made the price of the machines and

the ion implanted parts prohibitively expensive

for all but the most high value applications such

as the medical applications.  Second, Zymet had

a difficult time selling the new technology due to

its relatively exotic or “strange” nature.  Their

potential customers all used established metal
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finishing processes that they were familiar with

and trusted, so they wondered why should they

try something else, particularly when it was more

expensive.  When Zymet did actually receive

some parts to be implanted, they found that they

had to convince their customers they actually did

something with the parts since ion implantation

did not change the dimensions or the appearance

of the parts.

Since Zymet went out of business, Eaton has

been much more cautious in its activities related

to ion implantation into metals.  Eaton

representatives mentioned that two or three years

ago, Eaton re-investigated diversifying its

product line with implanters capable of

implanting into metals.  They still found,

however, that the cost was prohibitive and that

there was no substantive market.  They have

continued to re-examine the issue and look for

potential niche applications. Eaton has

investigated plasma source ion implantation

(PSII) for automotive valves and truck pistons.

This work has been led by Eaton’s R&D Center

in Milwaukee, WI, in conjunction with the

University of Wisconsin in Madison.

3.1.4 Empire Hard Chrome, Chicago, ILL

Empire Hard Chrome, and its subsidiary National

Hard Chrome in Toronto, Canada, is one of the

largest hard chrome electroplating centers in

North America.  They are capable of performing

a wide range of plating techniques in-house,

including:

• Standard chromium electroplating,

• Chromium electroplating with explosive

diamond impregnation,

• Chromium electroplating with moly-

disulphide impregnation,

• Chromium electroplating with final polymer

seal, and,

• Chromium electroplating impregnated with

boron-carbide.

In addition, Empire Hard Chrome has an

extensive network of business relationships with

vendors of other surface treatment technologies.

These treatments include the deposition of

diamond-like carbon films, explosive cladding,

thermal spray, and high velocity oxygen fuel

(HVOF) spray.

Of most importance to this study is Empire Hard

Chrome’s ongoing relationship with LANL

regarding PSII.  Los Alamos’ scientists installed

a PSII system at a new Empire Hard Chrome

facility in Chicago in the fall of 1995.  This is the

first PSII system to go into commercial operation

and will first be operated by Los Alamos’

scientists.  The objective is that as the technology

matures and more applicabilities are identified,

Empire Hard Chrome technicians will eventually
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operate the facility.  This technology transition is

partially funded by the Department of Energy

(DOE).

3.1.5 Epion Corporation, Bedford, MA

Epion Corporation has been a developer of ion

beam process technology since being founded in

1984.  The company is presently performing

SBIR and other programs related to ion-assisted

thin film growth, reactive ion synthesis of surface

coatings and ion beam modification of surface

properties.  Epion also serves as a subcontractor

to other companies under SBIR programs

involving development of surface coatings and

specialized ion implantation techniques.

Epion offers ion implantation services with

capabilities for processing at temperatures up to

2400 °F (1300 °C), which are important for

reactive synthesis.  Epion employs its high

temperature implantation facility to produce

integral silicon carbide surfaces on diamond in

order to provide protection of the diamond

against high temperature oxidation.

Implantations can also be performed together

with concurrent in-situ processes such as

deposition.  Epion produces electrically

conductive, chemically inert diamondlike

coatings by ion implantation with concurrent

deposition of carbon-containing materials from

sublimation sources.  Epion also has thin film

deposition facilities employing excimer laser

ablation in conjunction with in-situ ion

bombardment.

Epion is developing equipment for processing by

beams of gas cluster ions.  Cluster ions, which

are produced by passing a pressurized gas

through an expansion nozzle into vacuum, are

expected to have applications for ultra-shallow

ion implantation, for sputtering, and for reactive

synthesis. Epion will deliver a first cluster ion

processing system to a customer in Japan in fall

1996 and will then offer similar equipment as a

commercial product.

3.1.6 General Motors R&D Center,

Warren, MI

The General Motors Research Corporation was

the first automotive research organization in the

automotive industry.  Its mission is to develop

new technology for GM and its products, and to

pace the global industry with industry-leading

innovation.  GM is working in conjunction with

LANL and the University of Wisconsin under a

four-year cooperative R&D program to further

develop PSII.  The program’s emphasis is on

large-scale demonstrations aimed at increasing

surface hardness for engine components.

3.1.7 Hughes Research Laboratory (HRL),

Malibu, CA

Hughes Research Laboratories is a subsidiary of

General Motors and is part of Hughes

Electronics.  Hughes has combined their

expertise in materials processing for heat

treatments, and hard coating and surface

modifications in an attempt to advance existing

and new commercial markets.  Hughes is

researching wet alternatives to cadmium and
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chromium electroplating in response to the

demand for replacement of those materials.

Some examples of alternatives are electroless

nickel, with or without inclusions; Ivadized

aluminum (IVD-Al) deposition; nickel-tungsten-

boron (Ni-W-B); and iron-tungsten (Fe-W).

Hughes has worked in the area of plasma based

surface engineering technologies since 1988 and

many of these technologies stem from work done

at Hughes in the last 30 years.  Areas of research

include heat treatment, hard coatings, and surface

modification.  Hughes had the PSII implanter

with the largest chamber in the country from

1988 until LANL built a larger one in 1992.  The

chamber dimensions are approximately 8 feet

long by 4 feet in diameter (2.4 meters by 1.2

meters)..  The implanter requires a high-power

(100 kW), high voltage (100-kV) pulse

modulator to provide voltage pulses necessary

for the implantation process.

Hughes was the first to develop a 100 kV, 100

kW processing capability in 1990, and was the

first to demonstrate a 200-250 kV processing

capability in 1995.  They developed ultra-high-

current PSII and  thermally-enhanced PSII.

Hughes uses low-pressure, partially ionized,

high-density plasmas that are engineered for

large-scale, conformal and uniform treatment of

part.  Their main objective in PSII research is to

improve the tribological properties of metal and

nonmetal (polymer) materials used in aerospace,

defense and commercial applications.

HRL representatives indicated that their process

allows for high-power continuous or pulse-

modulated delivery of ions, electrons and metal

atoms omnidirectionally and simultaneously onto

the surface of parts in a faster and more efficient

manner than is possible with conventional

technologies.  They have used this process to

demonstrate the implantation of non-conductors

and successfully reduced X-ray emissions from

the process using electrostatic confinement to

prevent electrons from interacting with a

grounded plasma.  Hughes demonstrated a 2-3X

improved wear life for drill bits using PSII, 2

times improved hardness of polymers, 5 to 8

times improved wear life for titanium nitride

(TiN)-coated cutting tools, 2 times improved

wear life of TiN-coated sand abrasion parts, and

enhanced the growth of wheat seeds subjected to

implantation.

Hughes is involved in a project with GM Canada

in London, Ontario to implant polymers with

ions.  Polymer implantation can increase the

longevity of polymer dies and reduce energy

consumption in manufacturing new dies.  Hughes

can handle large parts in its polymer implanter.

A relatively low dose of ions is used in the

process and it is very fast.  Dose can not be

directly measured in polymers, only the effects of

the dose can be measured. The Hughes

representative stated that currently there is no

market for implanted polymers and the parts to

be treated are too large to be economical.

Hughes has used nitrogen implantation to

improve the surface properties of TiN.  Implant

Sciences determined that implanting TiN with N

improves wear resistance.  TiN can also be
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enhanced with PSII.  Hughes calls this process

plasma material deposition (PMD) and has

demonstrated an increase in cutting tool lifetime

of a factor of 18 compared to a factor of 5 for the

best conventional TiN coating processes.

Titanium carbonitride provides higher surface

hardness than Ti-N.  However, titanium

carbonitrate emits cyanide when coated with

conventional processes.  Thus, there are

additional environmental costs associated with

the conventional processes as a result of the

cyanide emissions.  If methane is implanted into

TiN using PSII, titanium carbonitride can be

formed without cyanide emissions.

Hughes has developed a nitrogen implanted TiN

coating that is purple after the implanted region

is worn away.  This is useful because when a part

is worn, the color of the surface changes.  This is

particularly useful in die applications where it is

difficult to determine when the die is worn and

needs to be replaced.  The conventional testing

method involves measuring the dimensions of the

die with a very accurate stylus.  This is expensive

and requires the die to be taken out of service

and into a lab for measurement.  Another method

is to simply replace the die after a specified time

or number of manufactured parts.  This can result

in discarding expensive dies which still have a

useful production life.  The Hughes color change

method is easy to use and could be very cost

effective.  GM and Hughes both have patents on

this process.

Hughes pursued Advanced Research Projects

Agency (ARPA) funding for large-scale

Intelligent Plasma Processing of Materials

(IPPM).  This was to be part of a regionally

advanced manufacturing program (RAMP).  A

RAMP focuses on small vendors who cannot

afford to invest in new technologies on their own.

Hughes hoped to get RAMP funding for a three

year project to investigate chromium

electroplating replacement technologies, but

didn’t receive funding for the project.

Hughes representatives see plasma-based

processing of materials as an open opportunity

for motor vehicle components and manufacturing

applications.  Hughes has assembled a vertically

integrated team including GM, academic

institutions, research labs, and other end users to

work on the project.  The program is currently

funded half by GM and half by Hughes.

3.1.8 Implant Sciences Corporation,

Wakefield, MA

Implant Sciences is a ten-year old IBP

technology service provider that also

manufactures and refurbishes both mass-analyzed

and direct ion implantation equipment.  ISC has

research, service and equipment capabilities in

ion implantation, ion beam-assisted deposition,

tribology, and related software.  Ion implantation

services available include over 60 ion species,

rare earth and noble metals, and implantation

from cryogenic temperature to well over 1000

degrees Celsius (°C).  ISC manufactures systems

for ion implantation, IBAD, and measurement of

wear and friction and coating adhesion.  They

implant approximately 50,000 piece parts per

year, the majority of them being medical
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components - about 25,000 knee and hip balls.

They are presently working two shifts.

Onsite in Wakefield, MA, Implant Sciences has

eight machines, two of which are Zymet

machines that Implant Sciences purchased when

Zymet went out of business.  They also have the

facilities that comprised the Navy MANTECH

ion implantation project, which focused on the

potential of this technology for DoD aerospace

bearings that was managed by NRL in the early

1980’s.

Implant Sciences recently won the contract to

provide the National Defense Center for

Environmental Excellence (NDCEE) with a 12

feet long by 6 feet in diameter (3.6 meters by 1.8

meters) vacuum chamber.  When completed and

installed, this chamber will be the largest known

implanter and IBAD system in operation in

North America for metals.  This will allow the

implantation of larger work pieces and also

increase throughput for smaller parts.

3.1.9 ISM Technologies, San Diego, CA

ISM Technologies is primarily an IBP equipment

manufacturer, but also advises clients on how to

take IBP processes into production and does

some basic research on IBP technologies.  The

company was founded in 1986 to commercialize

the Metal Vapor Vacuum Arc (MEVVA) ion

source, developed at Lawrence Berkeley

Laboratory (LBL), with the focus on using the

MEVVA for metal ion implantation

ISM has been manufacturing MEVVA metal ion

implantation systems for sale world-wide.  ISM

markets the metal ion implantation of cutting

tools using MEVVA technology such as

ToolPeen.  The ToolPeen process involves

implanting cutting tools with titanium (Ti) and

nickel (Ni) ions.  ISM has demonstrated

increases in wear life for cutting tools of up to a

factor of 4.8 after treatment with ToolPeen.  The

cost of ToolPeen varies from $0.05 to $0.50 per

square centimeter depending on the implantation

equipment’s capacity and throughput.  Cost is

low enough to use the process on automobile

engine valve stems, piston rings, cam followers,

and similar parts.  The MEVVA 480-10, a 10

milliamp metal ion machine, has an installed cost

of $450,000. Many of MEVVA 480-10 machines

are being used for research and development in

Japan and China.

ISM uses MEVVA technology in other

applications as well.  It can be used on metals,

ceramics, glasses, and plastics.  Because it is a

non-thermal process, materials with low melting

temperatures can be treated.  Other applications

include reducing friction in ceramic engine parts;

reducing stress crack corrosion, wear, and

friction in bearings; reducing scuffing wear in

gears; and reducing hydrogen embrittlement in

airframe parts.  ISM expects the ToolPeen

business to increase this year by 50 percent and

plans to purchase more implanters.  The

company expects that ToolPeen sales will

continue to grow through 1997.
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ISM has built the largest commercial metal ion

implanter in North America called the MIP 4-

500.  The approximate chamber dimensions are

6.5 feet long by 5 feet in diameter (2 meters long

by 1.5 meters in diameter).  It is six times larger

than any other metal ion implantation system in

the market.  Up to four Advanced Vacuum-arc

Ion Sources (AVIS) can be operated by the

single 80 kV, 500 mA, power supply.  ISM has

developed proprietary software to operate the

implanter, which runs under the Windows

operating system.  The AVIS source consists of

an array of motor-driven cathodes with a wide

area extractor design.  The AVIS source can

create a beam with a rectangular area

approximately 3.2 feet by 1.6 feet (1 meter by

0.5 meters).  AVIS produces a pure beam of most

metals, including platinum (Pt), of up to 500 mA

at 80 keV.  Two elements can be easily

implanted on complex surfaces using this source.

AVIS can be used in conjunction with the

multiple ion source production implantation

system (MIP), which is a production scale

system.  Up to four ion sources can be controlled

by a single power supply and beams can be

brought in at different angles.  The beams can be

as large as 3.2 feet by 3.2 feet (1 meter by 1

meter).

ISM has developed the Hyper Ion (H-I) process

for the non-reactive deposition of coatings such

as titanium diboride (TiB2) and TiN.  In the ISM

H-I process, high-energy ions are produced from

a cathodic arc ion source and short, very high-

voltage pulses are applied to the substrate during

the deposition process.  ISM has investigated the

use of the H-I process as a chromium

electroplating alternative for the U.S. Air Force.

The process yields good dense coatings at

temperatures as low as 150 °C for TiN.

Aluminum and certain alloyed steels can be

coated with this process without degrading their

mechanical properties because of the low heat.

The H-I process has applications in DoD where it

can be used on titanium since high temperature

coatings cause oxidation of titanium.  An

example application where this occurs is in

turbine blades in aircraft engines.  H-I can also

be used for cleaning surfaces prior to treatment,

especially for the removal of oxides.

In addition, ISM is working with Eaton Corp. on

using the H-I process to treat automotive valve

stems, and with Corning Corporation to replace

chromium plating on molds for television tubes.

ISM developed the inner bore ion source (IBIS)

for National Aeronautics and Space

Administration (NASA).  IBIS is a filter

technique for cathodic arc and is used by NASA

to coat samples with gold.  IBIS can also coat the

inside of surfaces and ISM will use this

capability in a contract with the U.S. Air Force.

ISM main business base is in the Japanese

market.  The Japanese industries have acquired

millions of dollars of ISM equipment, and have

committed to purchasing millions of dollars of

more equipment.  Per ISM representatives,

Nippon Steel Corp. currently uses the MEVVA

ion implantation equipment for automobile
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components.  Kobe Steel, Ltd., the largest

manufacturer of PVD coating systems and the

largest tool manufacturer in Japan, uses ISM’s

MIP system for the implantation of shop tools

such as cutting and molding tools.

ISM has done a lot of work on the implantation

of polymers with excellent results.  They have

observed a depth effect similar to that observed

with metals.  Hardness and elasticity have been

increased significantly.  ISM  believes that

implanted polymers could replace metal parts in

automotive and aerospace applications.  Some of

the polymer implantation work was done in

conjunction with Oak Ridge National Laboratory

(ORNL).

3.1.10 National Defense Center for

Environmental Excellence (NDCEE),

Johnstown, PA

NDCEE was established by the DoD in 1991 to

lead and support DoD facilities and the

associated industrial base in adopting a

comprehensive approach to pollution prevention,

and to address other high priority environmental

issues.  Its mission is to transition

environmentally acceptable technologies to

defense activities and private industry, to provide

training in the use of new technologies, and to

support applied research and development to

transition new technologies.  NDCEE is operated

by Concurrent Technologies Corporation (CTC),

an independent nonprofit corporation, and is

interfaced to DOD through the Army’s

Environmental Technology Office (ETO) at

Picatinney Arsenal, NJ.

The DOD, through the ETO, has contracted with

NDCEE/CTC for an ion beam processing project

on an ion beam processing effort to investigate

the applicability of ion beam processing as an

alternative to less environmentally-friendly

electroplating operations.  They are in the

process of identifying replacement applications

for ion beam processing and selecting materials/

components for demonstration.  One of the

primary purposes of this effort is to develop a

model of how the ion beam techniques can be

inserted into the defense and commercial

industrial base.   The effort is geared towards

identifying niche opportunities that the ion based

techniques can fill within DoD, and also

highlighting the technologies.  This has been a

problem in the past because the surface finishing

market is so diverse and there are always

competing technologies for any type of surface

finishing requirement.  This is in stark contrast to

the semiconductor industry where there are no

other techniques to provide dopants in a highly

controlled manner.

Once CTC has the large new nitrogen implanter

built by Implant Sciences installed, they will also

act in a “service center” role by allowing

companies with surface finishing requirements to

bring in their components for low risk trials of

IBP technologies.  This pilot scale ion beam

processing system will allow NDCEE/CTC to

compile cost/benefit data and define a material

specification for an ion beam process.  CTC has

also been able to test the performance of the

coatings or implants using standard techniques

such as scratch tests or salt spray tests.  Once an
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opportunity is identified and tested, CTC will

work with original equipment manufacturers

(OEMs) to further implement the process.

Other organizations sponsoring this program at

NDCEE/CTC are the U.S. Army Production

Base Modernization Activity (PBMA), NJ, U.S.

Army Research Laboratory, Aberdeen Proving

Ground, MD, U.S. Naval Research Laboratory,

Washington, D.C., Corpus Christi Army Depot

(CCAD), TX, Jacksonville Naval Aviation

Depot, FL, Basic Industrial Research Laboratory

(BIRL)/Northwestern University, Evanston, IL,

Los Alamos National Laboratory, NM, and U.S.

Army Aviation and Troop Command (ATCOM),

St. Louis, MO.

3.1.11 Southwest Research Institute (SwRI),

San Antonio, TX

SwRI is an independent, nonprofit, applied

engineering and physical sciences research and

development organization with 13 technical

divisions. SwRI has invested in an ion

implantation facility in which the surfaces of all

kinds of materials can be modified using

energetic ion beams.  Their plan is to develop

advanced processes to overcome surface-related

problems for client organizations in a variety of

tools and component.  To date, they have

demonstrated dramatic reductions in the wear in

orthopedic materials and lower friction in

ceramics.  They are in the process of formulating

ideas that could lead to novel electronic device

structures.

SwRI is currently focusing research on the

following selected applications.  Under an

Institute internal research project, and in

participation with the University of Texas Health

Science Center at San Antonio, they are

conducting research into the orthopedic

application of diamond-like carbon (DLC) to

combat wear of polyethylene components in

replacement hip and knee joints.  Their results

demonstrate that a DLC coating applied to a

widely-used cobalt-chrome alloy implant reduces

wear of polyethylene under conditions similar to

those in the body to a level where it is no longer

measurable.  The improvement is between one

and two orders of magnitude, which could

considerably extend the wear life of a hip joint.

This research could be applied to a variety of

biomedical materials, including heart valves,

neurological electrodes, and catheters.

Another application area they are pursuing is in

reducing dependence on chromate baths for the

surface treatment of aluminum alloys through an

ion assisted process.  The researchers believe that

this process could overcome the pollution and

industrial discharge problems associated with

toxic hexavalent chromium.  A third thrust is in

the use of nitrogen ion implantation to extend the

lives of tools used in injection molding and

extrusion of filled polymers.  And finally, they

are conducting R&D into the electrical properties

of DLC to assess its commercial potential for use

in fabricating simple electronic devices.

SwRI believes that successful demonstrations

and field trials of ion beam-modified materials
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will lead to the need for large-scale, dedicated

equipment to be operated in-house by their client

organizations.  They are poised to provide

designs for such equipment, or to team with a

manufacturer to supply it to the client’s

specifications.

The IBP technologies to be used and further

developed at the facility allow the coating of

items with a surface area of several square feet.

It also allows low processing temperature, and

therefore can be applied even to polymers.  In the

early stages of its development, the vacuum

chamber in SwRI’s ion beam facility will be

equipped for ion beam-assisted deposition and

diamond-like carbon coating.  In subsequent

stages, additional ion guns will be installed on

the spare ports and flanges provided.  Their

function will be to enable ion implantation with

gaseous and metallic species to improve

resistance to wear and  corrosion.  When fully

operational, ion beam processes that can be

carried out at this facility include ion

implantation of metallic and gaseous ions, IBAD,

ion beam mixing, and implantation of various

forms of DLC.

The ion beam processes will be conducted in a

stainless steel vacuum chamber six feet long and

four feet in diameter - purported to be the largest

such device in the U.S. dedicated to ion beam

surface modification.  This will allow trials to be

made on large, full-size tools and components.

Future plans include installation of a robotic

manipulator inside the vacuum chamber, so

specimens can be exposed controllably to

sequential treatments using a variety of ion

beams or coating fluxes.

3.1.12 Spire Corporation, Bedford, MA

Spire Corporation is a manufacturer of IBP

equipment and a researcher in the IBP

technology area.  They also provide equipment

for medical applications.  Spire manufactures and

refurbishes inline beam ion implantation

equipment and provides custom ion implantation

services for both semiconductors and metals.

Spire is considered one of the preeminent ion

implantation research, development, and

production firms.  They have invented many of

the processes that are used world-wide today,

such as the titanium implantation technique used

to implant medical prostheses.

The largest market presently for Spire is the

medical market.  The company has provided

numerous ion implanted metal components for

over a thousand medical applications such as hip

joints, knee joints and catheters since entering

into the medical market in 1985.  Spire

coordinates directly with the original equipment

manufacturers (OEMs) who supply the finished

part to the medical community.  The surface

engineering technology area, of which ion

implantation is a part, comprises 35% of Spire’s

overall business base.  Ion implantation of

medical components is approximately 95% of

Spire’s ion implantation business.  They are

presently working three shifts per day, seven
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days a week to fill all of their medical component

orders.

Spire was able to develop much of their expertise

in ion implantation production processes SBIR

programs with the DoD and grants from other

agencies such as the National Science

Foundation (NSF).  The development of the

medical application area, though, had to be

thoroughly coordinated with the Food and Drug

Administration (FDA), National Institutes of

Health (NIH), and medical device OEMs.

Spire representatives indicated that gaining

acceptance of ion implanted components was a

monumental undertaking; one that would not

have been possible without the support of the

OEMs.  They also pointed out, however, that the

medical industry is unique in that it is willing to

pay a premium for high quality products since

most of the components are being surgically

inserted into the human body.  In this respect, the

medical industry is much like the semiconductor

industry.  Both doctors and patients demand

components that perform at or near 100 percent

efficiency.  In addition, Spire indicated that the

cost of implanting a component such as a hip

joint is approximately 10 percent of the total cost

of the part.

A large portion of Spire’s medical component

business is implanting nitrogen and carbon into

replacement titanium hip balls.  Spire

experimented with many combinations and ratios

of implanted species until they found a recipe

that reduces scouring and friction in the hip joint.

Another large percentage of their implantation

business is the implantation of a cobalt-

chromium-molybdenum compound into a high

molecular weight polyethylene used for low

friction surgical tubing.  All of the implants for

the medical applications are done using mass

analyzed, inline beam ion implantation in order

to meet the highest quality standards.

In addition, researchers at Spire are working on a

method of nitrogen ion implantation that

strengthens the surface of titanium alloys,

helping the materials resist fretting.  This

research is being funded by the U.S. Air Force.

The treated parts doesn’t propagate vibrations

across their entire length, so they resist the

jostling that induces early part fatigue.  These

parts also have a lower coefficient of friction,

increased microhardness, and a lower rate  of

chemical corrosion.  They are planning to install

these parts in aircraft engines and simulate their

performance against that of standard blades with

a conventional antigalling coating.  The U.S.

government is funding this effort.  After

completion of this effort, Spire will seek out

makers of aerospace disks and blades to further

develop this technology, which will be

licensable.

Spire has also investigated many other markets

and applications for ion implantation.  One such

market is the automotive industry.  In their

opinion the automotive industry is not yet

prepared to embrace the technology because the

automakers are very cost conscious.  If a part

costs $1 or 1 cent more when ion implanted as
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opposed to electroplated, the part will not be

used because they are not willing to absorb or

pass on that extra cost in the highly competitive

automotive marketplace.  Spire has been working

with GM R&D Center and GM’s Cadillac

Division to find the proper niche for ion

implanted automotive parts.

In addition to mass analyzed ion implantation,

Spire representatives stated that Spire was one of

the first companies to research plasma source ion

implantation (PSII).  They indicated that PSII

does reduce the cost of implanted parts, but the

process compromises the quality of the implant.

Inline beam ion implantation is still more

reliable, more reproducible, and produces higher

yield.

Spire is also investigating ion beam assisted

deposition (IBAD) techniques.  They have

invested millions in a teaming arrangement with

an Italian multinational firm to develop an IBAD

technique for the replacement of cadmium

electroplating of sheet steel.  Spire believes that

large scale production is possible with this

process.  This effort is a two  to three year

project and has just gotten underway.

3.2 Government IBP Technology

Researchers

In this section, the capabilities and initiatives of

Government IBP technology researchers are

highlighted.  It describes their current R&D

efforts and interests, cooperative teaming

arrangements, areas of funding, and targeted

potential applications of the technology.  Table

3-2  provides a snapshot view of these players

and their IBP technology areas of research.

3.2.1 U.S. Department of Defense (DoD)

DoD has been interested in IBP technologies as a

potential replacement for cadmium and

chromium electroplating, as well as the possible

enhancement of surface properties.  Table 3-3

highlights the current U.S. Army IBP R&D

projects that have been undertaken.  Table 3-4

highlights U.S. Navy initiatives in this area.  The

project descriptions depict accomplishments to

date.  Then, the current status, projects and

efforts of DoD technology researchers are

presented.

3.2.1.1 U.S. Army Research Laboratory

(ARL), Aberdeen, MD

ARL’s Material’s Laboratory (formally the Army

Materials Lab in Watertown, MA) directs the

Basic Research and Exploratory Development

research in IBP technology shown in Table 3-3

within the U.S. Army.  They are co-technical

monitors of the ongoing work at NDCEE/CTC

related to environmentally acceptable alternative

coatings for cadmium and chromium

electroplating.  ARL researchers are the U.S.

Army’s most prominent proponents of IBP

technologies for metal surface finishing

applications.
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Table 3-2.  Capabilities of the Government IBP Technology Researchers

Agency Nitrogen Ion
Implantation

Metal Ion
Implantation

PSII IBAD Other

DoD
ARL X X X2,3

ARPA X4

CCAD X X1

NRL X X X2,3

Wright Lab X
DOE
LBL X
LLNL X
LANL X
ORNL X X
Other
EPA X4

1 Electroplating
2 Ion beam mixing
3 Semiconductor ion implantation
4 Proponent
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Table 3-3.  U.S. Army IBP R&D Projects

PE PE Title Proj. Project Title Year Project Description
0601102A Defense Research

Sciences
AH42 Materials and

Mechanics
FY94 Demonstrated ion beam technique to

improve wear and corrosion resistance of
rotary winged aircraft components.

FY95 Optimize dry ion beam treatments as
environmentally acceptable alternatives to
cadmium/chromium electroplating, and
optimize surface treatments to reduce
hydrogen embrittlement of high strength
armor steel.

0601104A Univ./Industry
Research Centers

BH64 Materials
Center of
Excellence

FY96 Conduct research in corrosion effects and
protection of alloys

FY97 Conduct research in corrosion effects and
protection of alloys

0602105A Materials
Technology

AH84 Materials FY94 Demonstrated improved wear corrosion
resistance in aircraft materials using ion
beam processes and corrosion resistant
schemes for advanced magnesium aircraft
components.

FY95 Optimize dry ion beam treatments as
environmentally acceptable alternatives to
specific cadmium/chromium
electroplating applications; develop multi-
functional protective coatings.

0602720A Environmental
Quality
Technology

D048 Industrial
Operations
Pollution
Control
Technology

FY96 Develop preliminary guidance on air
toxics from plating operations

A829 National
Defense Center
for
Environmental
Excellence
(NDCEE)
Technology

FY95 Provide technology transfer and transition
of DOD efforts, including
electrodeposited coatings

Source: U.S. Army 1996 Congressional Descriptive
Summaries
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Table 3-4.  U.S. Navy IBP R&D Projects

PE PE Title Proj. Project Title Year Project Description

0708011N Manufacturing
Technology

FY94 Coatings and surface treatments will be
developed to achieve wear, corrosion and
thermal resistance for mechanical systems
such as machine elements, tools, engine
components, thermal systems and control
surfaces.  Research and technology
development in manufacturing of
diamond and related coatings and ion
implantation systems.

FY95 National Center of Excellence for
Metalworking Technology:  Continue
work in Advance Surface Treatment and
Component Wear; develop solutions to
specific wear problems such as aircraft
hookpoints through surface treatment
technology developments.

Source: U.S. Navy 1996 Congressional Descriptive Summaries

3.2.1.2 Advanced Research Projects Agency,

(ARPA), Arlington, VA

In 1994, ARPA commissioned a team headed by

the Basic Industrial Research Laboratory

(BIRL)/Northwestern University to demonstrate

advanced technologies to eliminate hexavalent

chrome and toxic wastes generated by hard

chrome electroplating, and to reduce by 80

percent the solid waste volumes from chrome

stripping operations.  Among the solutions the

team is researching are clean alternative

technologies such as plasma nitride/PVD

coatings.  The project team consists of BIRL,

Corpus Christi Army Depot (CCAD), General

Electric (GE) Aircraft Engines, and the Naval

Research Laboratory (NRL).

3.2.1.3 Corpus Christi Army Depot (CCAD),

Corpus Christi, TX

CCAD is an U.S. Army helicopter rework

facility.  A major part of the helicopter rework

process involves the use of taps and cutting tools

to produce precision helicopter replacement

components.  The impact of ion implantation on

tap and cutting tool performance was evaluated

at CCAD as part of a cooperative program with

ARL.  The effort demonstrated that ion

implantation improves the machine tool life of

tools from 1.5 times to over 5 times.  The

CCAD/ARL ion implantation investigation,

which began in 1985, resulted in the procurement

of a large-scale production, direct nitrogen ion

implanter by CCAD in September 1994.
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3.2.1.4 U.S. Naval Research Laboratory,

Washington, D.C.

Ion implantation research at the Naval Research

Laboratory (NRL) began in the early 1970s with

some exploratory implants of semiconductor

materials by NRL’s Radiation Sciences Division.

This work expanded in the mid-1970s into a

cooperative program with NRL’s Metallurgy

Division by using heavy ion bombardment to

study radiation damage in reactor materials.  In

1979, an interdisciplinary research program was

established to understand the physics of ion

implantation to demonstrate the feasibility of

specific applications, to identify areas of

potential naval applicability, and to assist in the

transfer of this technology to naval systems.  In

1980, a medium current ion implanter was

purchased and several in-house designed end

stations were constructed for performing the

studies.  A considerable amount of fundamental

research was performed in areas related to depth

distributions of implanted ions, sputtering

effects, surface chemical reactions, radiation

enhanced diffusion, and phase transformations.

Ion implantation was viewed as being able to

improve performance in a wide range of

applications where the performance is controlled

by surface composition or structure.  Corrosion

and wear reduction were among the first

applications tested because they are the leading

causes of loss of reliability and equipment

failure.  In the area of corrosion, NRL research

identified at least three mechanisms by which ion

implantation reduces the corrosion rate.

Implanting  palladium into titanium stimulates

the cathodic reaction and shifts the metal surface

into an electrochemical passive state.  Implanting

phosphorus and boron into stainless steel created

an amorphous surface layer that removes

corrosion sites such as grain boundaries.  The

mechanism with broadest applicability was

determined to be the implantation of elements

known to form passive films that reduce the

dissolution rate of the alloy.  The best example is

the addition of chromium to steel to concen-

trations exceeding 12 percent, producing

“stainless” steel.  Numerous studies were

performed at NRL which showed that

implantation of elements such as chromium and

tantalum into low-alloy bearing steels greatly

increased the resistance to either general or

pitting corrosion in chloride-containing solutions.

Pursuant to the laboratory studies, several turbine

engine bearings from F-4 fighters and H46

helicopters were implanted with chromium and

installed in operating aircraft.  However, because

no formal procedure for tracking these bearings

was implemented, actual performance was never

documented.

Related to wear, NRL research determined that

titanium implantation into 52100 bearing steel

produced a surface that showed no wear scar

when subjected to an unlubricated sliding ball

under a 2.2 pound (1-kg) load for 20 cycles,

whereas an unimplanted sample showed scarring

after only one cycle.  In addition, the

implantation reduced the friction coefficient by

half.  Other studies demonstrated significantly

increased resistance to scuffing wear of titanium

or tantalum-implanted hard steels such as M2 or

9310.
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The favorable laboratory studies led to the Navy

funding a Manufacturing Technology

(MANTECH) project in 1982 to develop a

prototype ion implantation facility that would be

capable  of processing components such as

bearings on a semi-production basis.  The

objectives of this program were twofold: 1) to

demonstrate improved performance by

implanting actual components and installing

them in operating Navy systems and 2) to

document cost savings through a cost-benefit

analysis that would include the cost of ion

implantation balanced against the reduced

acquisition costs of the components resulting

from increased lifetime.  The facility, which

included a high-current Eaton semiconductor ion

implanter (without the wafer processing end

station) and a contractor-designed 120 cubic foot

(1-cubic-meter) end station with component

handling fixtures, was placed into operation at

Spire Corporation in 1985.  Numerous aircraft

bearings were implanted, installed, and flight-

tested.  The cost of the processing was also

documented.  However, neither NRL nor Spire

were able to attain flight qualification approval

for the implanted bearings.  This MANTECH

project ended in 1986.

In 1989, the U.S. Army Acquisition Pollution

Prevention Support Office (AAPPSO),

Headquarters, U.S. Army Materiel Command

(AMC) approached NRL about collaborating on

a project to demonstrate ion implantation as an

environmentally acceptable surface treatment

technology.  Pursuant to these discussions, it was

decided that the U.S. Navy MANTECH ion

implanter would be used to implant test coupons

for laboratory corrosion studies at ARL and then

to implant bearings and other components from

U.S. Army helicopters.  Rig tests were performed

on some implanted transmission bearings at

CCAD , which showed no degradation in fatigue

life.  Although officials at the U.S. Army

ATCOM indicated that they would be willing to

issue an airworthiness certificate for the

implanted bearings, final approval to install the

implanted components on operational aircraft

was not able to be obtained.  If the

recommendations of this report are implemented

this issue will have to be revisited and addressed.

In 1994, the MANTECH high-current ion

implanter was transferred to Implant Sciences

Corporation (ISC), and a Cooperative Research

and Development Agreement (CRADA) was

established between NRL and ISC.  ISC has

attached their own large end-station to the

implanter and the facility has been used to

conduct research into a process called reactive

ion implantation.  In this process, ion beams are

used to enhance surface chemical reactions to

produce protective oxide films, for instance.  The

NRL/ISC implanter is also capable of processing

components such as bearings, gears, shafts on a

semi-production basis.  The medium-current ion

implanter is still operational at NRL and is

available for coupon and small component

processing.  Both ion implantation systems can

produce beams for virtually any element in the

periodic table, with total beam currents ranging

from a few hundred microamperes to ten

milliamperes, depending on the element.
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Currently, NRL is working with the Naval Air

Warfare Center in Warminster, PA to investigate

the use of ion implantation to reduce corrosion

and wear on transmission gears on selected

Naval aircraft.

3.2.1.5 Wright Laboratory, Wright-

Patterson Air Force Base, OH

The Plasma Research Group of the Aero

Propulsion and Power Directorate at Wright

Laboratories has recently installed a large area

ultra high vacuum apparatus for ion beam

processing.  The equipment is used to produce

high quality, large area thin films and to

understand the fundamental science of ion beam

deposition.

Experiments carried out to date at the facility

have successfully deposited diamond-like carbon

(DLC) and nitrogen doped DLC IBAD films on a

variety of substrates.  These substrates include

silicon, quartz, aluminum, tantalum,

molybdenum, stainless steel, ploycarbonates,

silicon carbide, nickel and copper.  The effects of

gas composition, accelerating power, substrate

temperature, and ion beam composition have

been systematically studied.

The films produced at the facility are currently

being studied for use as dielectrics for high

temperature, high voltage reduced volume

capacitors; as antireflection coatings in the

infrared region or the electromagnetic spectrum;

and as solid lubricants.  The excellent friction

and wear characteristics of the films makes them

particularly suited for the latter application.

3.2.2 Department of Energy (DOE)

The DOE initially researched and developed IBP

technologies under their nuclear fusion program.

In recent years, the nuclear fusion program has

not been popular and has received less support

and funding.  As a result, DOE has begun to

explore ways to transfer this technology out of

their laboratories and into the commercial sector.

In addition, DOE is involved in a number of

collaborative efforts to accomplish the transfer.

The major commercial sector that DOE is

concentrating on for the IBP technologies is the

automobile industry.  The IBP capabilities and

initiatives of the DOE laboratories are

highlighted in the following paragraphs.

3.2.2.1 Lawrence Berkeley Laboratory

(LBL), Berkeley, CA

The University of California’s LBL Plasma

Applications Group has been working on surface

coating technologies for about 12 years.  Four

areas of research are being pursued by the group:

diamond CVD, metal ion implantation, metal

plasma immersion-metal and ceramic thin films,

and compact million electron-volt (MEV) ion

implantation.  The group developed the metal

vapor vacuum arc (MEVVA) ion source which is

now licensed to ISM Technologies.

The system employed by the Plasma Application

Group is called metal plasma immersion ion

implantation and deposition (MPIIID).  This

technique can be used to bond materials which

normally can not be bound together such as the

deposition of highly adherent nickel coatings on

carbon composites.  The metal thin film adheres

where a sputtered coating wipes off.  The
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MPIIID technique can also be used to coat

diamond with metal, which is impossible with

sputtering.  Metal coated diamonds are used as

heat sinks and high density mounts for computer

chips.

This group has had few collaborative

relationships with commercial industry.  Most of

their work has been government funded.  ISM

Technologies has licensed the MEVVA

technology, but the LBL group has had no

further collaboration with them.

In addition to developing of MPIIID, LBL has

produced CVD diamond coatings using a

microwave plasma source.  They have also

worked in producing amorphous diamond-like

carbon (DLC) coatings.  These coating processes

use vacuum techniques with non-hydrogenated

carbon cathodes.  The hardness of these coatings

can be controlled by the incident ion energy.  By

modulating the ion energy, a multi-layer hard and

soft DLC coating can be produced.

Conventional DLC coatings tend to delaminate

when they get thick.  Multi-layer DLC coatings

can achieve much greater thicknesses at low cost.

3.2.2.2 Lawrence Livermore National

Laboratory (LLNL), Livermore, CA

LLNL’s Chemistry and Materials Science

Division addresses a variety of materials issues

and problems.  Modification processes include 1)

ion implantations of atoms inside the surfaces of

materials for creating compound and alloy layers

for low concentration doping such as for

diffusion studies and calibration standards, and

2) ion irradiations for improving the adhesion of

thin films, changing the stress state of surfaces

and thin film structures, and studying radiation

damage.

Over the last 12 years, LLNL has published a

number of studies that used ion beam processing

to:

• modify the reaction of materials with gases

to reduce oxidation of uranium, hydrating of

uranium and hydrogen permeation of iron

and stainless steel

• create pure, buried compound and elemental

layers

• prepare solid membrane chloride ion

selective electrodes and implanted standards

for various analysis techniques

• enhance the adhesion of oxide and metal

coating to substrates

At present, LLNL is investigating the effects and

applications related to nuclear tracking of

materials and the modification of the

composition at the near surface within the top

nanometer of the materials.

LLNL has a project to produce gratings as large

as approximately 20 inches (50 cm) in diameter

using a combination of laser interference

lithography and reactive ion beam etching.  This

strategy allows such large areas to be patterned at

a relatively low cost in comparison to alternate

approaches.  A similar process has been

demonstrated for fabricating arrays of emitter
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tips suitable for electron emission-based flat

panel displays.

LLNL has also conducted research and

development efforts using macroparticle-free

vacuum arc-based ion beams to produce coatings

from intense ion beams.  These efforts have

resulted in the development of a commercially

available source which is currently being used by

a number of companies to develop new products

using this technology.

3.2.2.3 Los Alamos National Laboratory

(LANL), Santa Fe, NM

LANL is operated  by the University of

California.  Plasma source ion implantation

(PSII) was developed for manufacturing-scale

production in a, three-year CRADA established

in 1992 between LANL and GM R&D Center

with technical assistance from the University of

Wisconsin.  The goal of the CRADA was to co-

develop PSII for the auto industry to improve

surface hardness and wear of tooling and

powertrain components.  Parts supplied by the

automotive industry were processed.  The

production of tailored surface composites was a

primary goal of this agreement.  Two specific

applications that were targeted were nonferrous

automobile parts and ferrous tools (punches and

drill bits).  In the CRADA, LANL has used a

chamber that is approximately 15 feet long by 5

feet in diameter (4.6 meters long by 1.5 meters in

diameter).  The large scale PSII facility was built

using previously designed technologies,

including large plasma devices from DOE’s

Fusion Energy Program, high-voltage technology

from DoD’s Strategic Defense Initiative,

supercomputer models from DOE’s Nuclear

Weapons Program, and advanced materials R&D

from DOE’s Energy Research Program.  Its large

capacity allows hundreds of automobile parts or

thousands of drill bits to be implanted in a single

batch, depending of the size of the parts.

The latest facility operational at LANL is being

used to examine PSII on a large scale.  It can

accommodate large workpiece assemblies

weighing up to 10,000 lbs.  The system was

developed at LANL for DOE’s Nuclear-Fusion

Energy and Rocket-Propulsion Research

Programs under the auspices of DOE’s

Technology Commercialization Initiative.

Composition, chemistry, and microstructure will

be optimized to produce improved surface

properties such as wear, friction and corrosion

resistance over a range of operating temperatures

and in a variety of reactive environments.

Emphasis is being directed towards improving

tribological properties of metal surfaces.

Experiments have been performed at 40kV with

nitrogen plasma.

LANL has determined that though PSII is

intrinsically a non-line-of-sight process, this

property is only assured when the feature size is

small compared to the plasma sheath dimension.

Future experiments will be directed at higher

accelerating voltages (up to 100kV), repetition

rates (1 to 2 kHz), and with alternative ion

sources such as carbon.
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At present, LANL has formed a consortium with

a group of OEM’s, their suppliers, and Academia

researchers to explore business sector oppor-

tunities.  This consortium includes end users,

equipment builders, system integrators, service

providers, R&D laboratories, and educational

institutions.  Targeted business sectors include

manufacturing, environmental, energy, transpor-

tation, electronics, and defense.  Technology

transfer initiatives are starting with component

manufacturers and system integrators.

LANL researchers have successfully developed

ion implantation coating techniques in medical

applications to improve bone implant devices

such as hip replacement joints.  The theory is that

the bond between the device and the bone will

improve, resulting in a longer life span for the

implant.  LANL are custom-tailoring the

synthetic hydroxylapatite (HA) coating to the

titanium and have successfully bonded titanium

and HA by using ion implantation.

LANL researchers are also investigating intense

pulsed ion beams for materials processing.  To

date, demonstrated and potential applications

include film deposition, glazing and joining,

alloying and mixing, cleansing and polishing,

corrosion improvement, polymer surface

treatments, and nanophase powder synthesis.

Initial experiments have emphasized thin-film

formation by depositing beam ablated target

material on substrates.

LANL has also been testing PSII of ammonia

into electroplated chromium.  They have

concluded that ammonia gas (NH3) can be used

as a nitrogen source for PSII processing of

electroplated chromium without risking hydrogen

embrittlement.  This process could potentially be

used for a variety of applications.

Recently, within the last year, LANL has

awarded three contracts to Institutes located in

the Former Soviet Union to co-develop ion beam

processing techniques for surface engineered

materials, with particular emphasis on ion

implantation and high-intensity  pulsed ion beam

deposition.  These Institutes are:  the Institute of

Electrophysics, Ekaterinburg, the Institute of

Electrophysics, Tomsk, and Nuclear Physics

Institute of Tomsk Polytechnic University.

3.2.2.4 Oak Ridge National Laboratory

ORNL), Oak Ridge, TN

ORNL’s many areas of research are in metal

finishing.  ORNL does not have production scale

facilities, but has the capability to run bench

scale studies on ion beam and other metal

finishing technologies.  Their facilities include a

High Power Test Facility, a High Heat Flux

Facility, and a Medium-Energy Test Facility.  All

three have been used to develop ion sources that

produce hydrogen ion beams of 10 to 100A, 30

to 120 keV, for .05 to 30 seconds, and to qualify

neutral beam injectors that inject neutral beams

with power ranging from 100 kW to

multimegawatt levels.  Each of these beam

facilities can be used for developing large-area

ion implantation systems.  Both the HHPF and

the HPTF are readily adaptable to the PSII type

of operation.  To accomplish this, the target has
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to be mounted by use of an  insulating mount

capable of withstanding the accelerating voltage.

The assembly can then be immersed into the

plasma source, which can be either electron

cyclotron resonance (ECR) or RFI driven.

There are a number of ion beam studies that

ORNL is involved in or has put together

proposals for and are seeking out funding to

support their efforts.  For example, ORNL is

involved in a collaborative effort with LANL to

use ion plating as a hard chrome plating

replacement.  Magnetron sputtering would be

used in conjunction with ion plating of melted

chrome, which has a low hardness of about 2

gigapascals.  Hydrogen and oxygen ions would

then be implanted into the deposited melted

chrome. ORNL representatives believe that

hydrogen and oxygen impurities are what gives

hard chrome its high hardness, typically 11

gigapascals.  Coatings deposited by this method

would probably have a thickness limit of 10

microns and would have a hardness comparable

to hard chrome.

ORNL, together with ATCOM, CCAD, the

University of Tennessee, U.S. Army’s ARL, and

ISM Technologies, studied the effects of ion

implantation treatments on corrosion of

aluminum in saline environment.  Implanted

constituents were nitrogen, silicon, titanium, and

chromium.  The study concluded that ion

implantation of chromium is of potential

practical benefit for corrosion inhibition of

aluminum in high salinity environments.

ORNL is also studying high-energy ion

processing of materials for improved

hardcoatings.  Processing techniques such as

high-energy ion implantation and electron

cyclotron resonance microwave plasma

processing were employed on a variety of

materials, including boron suboxides, a titanium-

aluminum-vanadium alloy (Ti-6Al-4V), a cobalt-

chrome-molybdenum alloy (CoCrMo), and

electroplated chromium.  The study discovered

that with appropriate alloy content and other

parameterization, hardnesses as great as that of

electroplated chromium can be produced by

nitrogen-ion implantation, at least in the 0.2

micron implantation zone.

ORNL does ion plating work using ECR

microwave technology to generate plasmas.  This

technique is expensive, but provides excellent

control of operational parameters and permits the

use of a wide range of gas densities.  The ECR

microwave technique involves bombarding argon

gas that is being acted on by a magnetic field

with microwaves from above.

ECR microwave is a versatile technique and can

be used as a source for both IBAD and ion

plating.  ORNL uses the technique primarily for

semiconductor applications where the tight

parametric control offered by the technique is

essential. The ONRL representative mentioned

that magnetron sputtering is usually preferred to

ECR microwave in the U.S., but ECR microwave

is widely used in Japan.  It is unclear, however,

what applications the Japanese have for ECR

microwave.
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ORNL is also seeking funding to pursue research

in the area of secondary electron suppression to

increase the efficiency and precision of PSII

techniques. Secondary electron suppression is

desirable when using PSII.

3.2.3 U.S. Environmental Protection

Agency, Washington, D.C. and Cincinnati,

OH

The EPA is evaluating various technology

alternatives to hexavalent chromium in plating

and metal finishing.  These include:

• Use of a nickel-tungsten-boron alloy to

replace chromium

• Replacement with physical vapor deposits

(chromium-titanium- and titanium-aluminum

nitrides)

• Alloy deposition of hard coatings (nickel-

tungsten-silicon carbide and electroless

nickel-tungsten)

• Deposition of powdered chromium with an

inductively coupled radio-frequency plasma

torch

• Hard chromium via sputter deposition

• Chromium-free conversion coatings as a

pretreatment for powder coatings.

3.3 Academic IBP Technology

Researchers

This section describes the R&D initiatives, and

pursuits of some of the North American

academic IBP technology researchers.  It

highlights their capabilities, current R&D efforts,

cooperative teaming arrangements, funding

sources, and targeted potential applications of

IBP technologies.  These institutions are working

closely with commercial and government IBP

proponents.  Table 3-5 provides a snapshot view

of the efforts of these institutions and their IBP

technology areas of research.

3.3.1 Basic Industrial Research Laboratory

(BIRL)/Northwestern University, Evanston,

IL

BIRL is an industrial research laboratory at

Northwestern University which develops  and

evaluates new or improved materials, products,

and processes; producing samples and prototype

production runs of materials or devices;

designing and developing production-scale

equipment for commercial use; and assisting and

participating in the formation of new business

ventures.  A particular focus of BIRL’s R&D is

Table 3-5.  Capabilities of Academic IBP Technology Researchers

Academic
Researchers

Nitrogen Ion
Implantation

Metal Ion
Implantation

PSII IBAD Other

BIRL X X X 1,2

INRS X
University of
Tennessee

X

Univ. of
Wisconsin

X X X X 1,2

1 Ion Beam Mixing
2 Semiconductor ion implantation
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on developing materials and application

processes for protective coatings to be used by

industry and government for combating wear and

corrosion.  Researchers at Northwestern are

under contract with ARPA and EPA to

investigate IBP alternatives to chromium

electroplating.

3.3.2 Institut National de la Recherche

Scientifique (INRS), Montreal, Canada

INRS - Energie et Materiaux (Materials and

Energy Department) has a PSII program.  It

combines the expertise of two already existing

groups - the plasma fusion group and the

advanced materials development group.  At

present, this is the only team in Canada that is

working in this field. The program was

established in 1993 but only in this past year has

more than one full-time scientist been attached to

it.  They currently have two full time senior

scientists and two undergraduate training

students.

INRS has a PSII chamber composed of a

compact pulsed surface electron cyclotron

resonance (ECR) source.  It is cylindrical in

shape with a 10 inch in length by 4 inch (25 cm

length by 10 cm) in diameter chamber.

Permanent magnets arranged in a checker-board

pattern are used to create both the resonance

surface and the confining magnetic field

structure.

In addition, INRS is researching source

development of radioactive ion implantation for

medical applications and near-surface wear

measurements.  They are exploring applications

of ion beam tribological modification of surfaces

which are linked to specific industrial needs in

Canada.  It is unclear what specific applications

INRS is pursuing.

3.3.3  University of Tennessee, Knoxville, TN

The University of Tennessee initiated  a research

program in 1986 to assess the effects of PSII of

nitrogen ions on the corrosion characteristics of

metals, particularly stainless steel and aluminum.

Initial results in 1988-1989 indicated that

stainless steel samples implanted with nitrogen

ions at potentials up to 20 kilovolts increased

their surface hardness by more than a factor of

two, thus greatly improving their resistance to

corrosion.

University graduate students use ORNL facilities

for analysis of PSII exposed samples.  They have

been able to demonstrate improvements in the

surface hardness of stainless steel and aluminum

by up to a factor of 2, thus greatly improving

their resistance to corrosion..  Work at the

University is funded by the University’s Center

for Materials Processing and by the U.S. Army

Research Office (ARO).

3.3.4 University of Wisconsin (UW),

Madison, WI

UW researchers were the pioneers of the PSII

process and patented it in August 1988.  Up to

recently, their research encompassed work in the

areas of plasma physics, diagnostics, ion-material

interactions’ modeling, materials science issues,

and a broad spectrum of industrial applications

of PSII technology.  Information obtained as a
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result of this study indicates that UW is now

researching PSII at a much reduced level of

effort because of reduced funding.

UW original research in the late 1980s has to

date spawned over 30 research groups worldwide

that are investigating various aspects of PSII

technology.  UW hosted the first International

Workshop on PSII in Madison, WI in August

1993.  They have received funding for PSII

research and have published over 60 articles in

various international and national technical

journals.

UW’s first generation PSII system consisted of a

cylindrical stainless-steel chamber 1.3 foot in

length by 1.1 foot in diameter (.40 meter in

height by .35 meter in diameter) with a

multidipole magnet arrangement.  It worked on a

2milliAmps current, a 100kilovolt voltage.  The

chamber was used to conduct proof-of-principle

PSII experiments, demonstrate the effectiveness

of PSII for a wide range of engineering materials

using test coupons and, to a limited extent, in the

treatment of industrial parts.

UW’s second generation PSII system was a cubic

meter volume chamber, with turbo-molecular,

cryogenics and diffusion pumps; a gas processing

system; a status control panel including a PAL

68000 (Techware) based computer; and a high

voltage pulsing system.

Currently, UW is conducting PSII research using

its third generation PSII system.  This system is

cylindrical with a length of 4 feet (1.25 meters)

and an inner diameter of 3 feet (0.90 meter).

UW researchers are investigating the basic

surface physics involved in the interaction of the

ions and the substrate surface using this system.

UW has used the following three techniques for

plasma generation: electron impact, glow

discharge, and radio frequency.  UW’s research

has demonstrated that the PSII process is capable

of implanting nitrogen ions at concentrations and

depths required to bring about an improvement in

surface characteristics of materials.

In addition to the PSII process, UW is

investigating basic plasma physics associated

with the PSII process.  UW is performing

experimental measurements and developing

theoretical models to better understand plasma

sheath propagation of parts with different

geometrical configurations such as cylindrical,

rectangular, and cubes.  This research has been

corroborated by computer simulations using fluid

dynamics models.  The research has been utilized

to better understand plasma composition and

dynamics at the substrate surface.

UW researchers are employing a Monte Carlo

simulation called “TAMIX.”  They developed

TAMIX to simulate ion beam interactions and

optimize PSII processing parameters.  The

program can be run in three modes: 1) static

mode, where target composition is assumed to

remain unchanged and low ion dose and damage

distributions can be calculated; 2) collisional-

dynamic mode for high ion dose and low target

temperature cases; and 3) collisional-diffusional-

dynamic mode in situations where target
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temperature is high and diffusional processes

such as radiation-enhanced diffusion and

radiation-induced segregation are activated in

addition to collisional processes.

UW’s investigations on implantation-induced

microstructural changes have been carried out for

a wide range of materials.  The objective of the

research was to correlate the microstructural

changes at the surface to wear and corrosion

characteristics.

Field testing of PSII implanted parts has

demonstrated that the PSII process has the

potential to improve the wear lifetime of

manufacturing tools and components such as drill

bits used at the U.S. Army Rock Island Arsenal,

Rock Island, IL.

In addition, the PSII technology has been

demonstrated in DOD related applications.  The

U.S. Army Armament Research Development

and Engineering Center (ARDEC) conducted

research on the application of PSII on

components of the electromagnetic rail gun.

In addition, UW researchers are investigating

PSII as an environmentally-clean alternative to

wet-bath electroplating procedures.

To date, UW researchers have conducted PSII

research through the following research grants:

• An ARO grant funding research on the

deposition of nitride coatings using PSII.

• A DoD Environmental Quality Grant

sponsored by ARDEC and ARO to

investigate PSII coatings as an

environmentally acceptable alternative to

electroplating procedures.

• A program sponsored by ARO to expand

ongoing PSII research by supporting

additional graduate students.

• A National Science Foundation (NSF)

Environmental Quality Grant to develop

PSII techniques to reduce environmental

hazards associated with wet-bath

electroplating processes.

• A National Institute for Standards and

Technology (NIST) Advanced Technology

Program (ATP) to simulate and develop a

mathematical model of the PSII process, and

optimize PSII process parameters for

specific industrial applications.  The ultimate

goal is to commercialize the PSII process.

• A CRADA with GM and LANL to explore

potential automotive applications and

industrial scale-up possibilities of PSII

treated parts.

• State of Wisconsin - Applied Research Grant

Program.

• Grants from private companies including

General Motors, Kodak, A.O. Smith, and

Akashic Memories.

3.3.5 Other North American Commercial

and Academic IBP Technology Researchers

In the course of this study, the NATIBO study

team identified some additional North American

academic technology researchers who are

conducting IBP technology research.  Their

capabilities and/or research areas of study are

illustrated in Table 3-6.
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3.4 International

In addition to the North American efforts, the

NATIBO study team obtained information and

data on IBP technology activities ongoing in

other countries.  The purpose of this section is to

summarize these international activities.

Appendix D contains a table summarizing

international IBP technology information that

was identified, grouped by country.

A preliminary analysis of the data and

information obtained regarding international

activities suggests that the North America may

trail behind China, Russia, Japan, and United

Kingdom in IBP technology research and

application development.  It appears that these

countries have invested major financial and

manpower resources in IBP technology research

and application development.

The following sections describe the IBP

technology activities ongoing in China, Japan,

Russia, and the United Kingdom.

3.4.1 China

China has been developing PSII technology.

Chinese researchers are investigating the basic

physics phenomena involved in the PSII process,

basic plasma diagnostic techniques, developing

computer simulation models of the interactions

between implanted ions and target substrates,

correlate the microstructural changes at the

surface to wear and corrosion characteristics.

Their studies to date have demonstrated that

surface properties of implanted substrates can be

improved substantially.

Table 3-6.  Capabilities of Other North American Academic IBP Technology Researchers

Company Nitrogen Ion
Implantation

Metal Ion
Implantation

PSII IBAD Other

USA
Colorado State
University

X

Colorado School
of Mines

X

Cornell
University

X

Highlands
University

X

George
Washington
University

X

Northeastern
University

X

University of
California

X

West Virginia
University

X

Canada
Queens
University

X
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The Chinese PSII experimental equipment,

called “all orientation ion implantation,” consists

of a modified conventional ion coating device.

Such experimental equipment has been built in

Harbin Institute of Technology, Southwestern

Institute of Physics, Dalian University of

Technology, Sichuan University, and China

Textile University.  The key PSII equipment

items used in the experimental devices were

developed in China to include the high-voltage

pulse-power supply system, the large-volume

vacuum chamber and vacuum pumps, and metal-

vapor vacuum arc (MEVVA) ion source.

Chinese researchers have developed the three

following implantation operating modes for the

MEVVA ion source: ion, atom, and electron

beam synchro-implantation.

One should note that Chinese researchers have

developed and are using their own version of the

MEVVA ion source equipment that ISM

Technologies in San Diego, CA has developed

and is currently marketing.

In addition, Chinese researchers are developing

PSII industrial applications and preparing design

information for industrial prototypes.  As part of

this effort, Chinese researchers are also

investigating the following techniques for

different industrial operations: PSII-ion beam

mixing, PSII-ion beam enhanced deposition,

PSII-high pressure operation, production of

diamond-like carbon (DLC) films, and elevated

temperature PSII implantation.  The techniques

are currently being used to treat aerospace

bearings and components, automobile engine

components, and manufacturing tools and dies.

3.4.2 Japan

Japan researchers and manufacturers use IBP

technologies extensively in their products.

Evidence of this fact is that to date ISM

Technologies in San Diego, CA has sold six

MEVVA-based metal ion implantation systems

to Japanese firms.  Information available further

suggests that Japanese industry is also investing

substantial funding in nitrogen ion implantation

for automotive applications.  Indications are that

the Japanese researchers and manufacturers are

not pursuing PSII.

Furthermore, preliminary indications are that

Japan’s Ministry of International Trade and

Industry (MITI) is investing a significant funding

in IBAD research and application development.

Reportedly, the amount of funding is

considerably more than the current North

American expenditure.

Japanese researchers and industries have invested

in IBP technologies for a number of reasons.

First, they are getting good results in applications

where coatings cannot be used.  Second, IBP

technologies provide a highly uniform and

reproducible surface treatment, provide good

quality control, improve manufacturing

throughput, and minimizes scrap and re-work.

Third, IBP technologies do not generate

hazardous waste which requires handling and

disposing and results in high remediation costs.

The latter is extremely critical because Japan as a

country has a relatively small capacity to handle,

treat, and dispose of hazardous waste.
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Furthermore, in the 1960’s, Japan had a public

health problem associated with cadmium as a

result of illegal dumping of cadmium wastes.

It is interesting to note that the Japanese do not

refer to their process as IBAD.  Rather, they refer

to it as ion vapor deposition.  Some IBP experts

in North America believe that this terminology is

part of a marketing strategy designed to de-

emphasize the ion beam nature of the process.

Preliminary indications are that the Japanese

want to de-emphasize the ion beam nature of the

process because of nuclear connotations that are

not well understood and may impact the

commercialization of the process.  This may be

critical because the effect of the ion implantation

process is not visible to the naked eye.  Therefore

the producers of ion implanted products are not

able to determine if their products have been

implanted or not.

MITI and industry partners have undertaken a

major initiative to produce next generation

nitrogen and MEVVA-based ion implantation,

and IBAD equipment.  This work is being

conducted under the auspices of Japan’s

Advanced Material-Processing and Machining

Technology Research Association (AMMTRA)

Program.  The program also includes efforts to

develop laser and other advanced materials

processing technologies.  Funding for the

AMMTRA Program is shared among MITI and

the Japanese steel industry.  Indications are that

MITI’s share of the funding for this program is

estimated in the hundreds of millions of dollars.

The level of funding from the steel industry is

unknown.

The NATIBO study team was able to obtain

information regarding the following AMMTRA

industry partners.

ULVAC Japan, Ltd. has developed a system

capable of implanting ions on large surface steel

sheets.  Their R&D efforts have focused on

developing an integrated, high-current ion beam

system.  It is unclear what the specific

applications are for this system.

Nissan Electric Co. Ltd. researchers have

developed a high-current MEVVA-based metal

ion implantation system and an IBAD system to

modify the surface of steels.  The IBAD devices

that they have developed are being used for many

non-electronic applications.

Mitsubishi Electric Corporation researchers are

developing ionized multiple beam IBAD

technology with high deposition rates.  The

objective is to improve the throughput and

corrosion tolerance of treated steels.

JEOL, Ltd. researchers have developed a high-

current nitrogen ion implantation system for steel

applications.

Kobe Steel, Ltd. researchers are modification of

metal by ion implantation to improve corrosion

resistance, wear resistance and surface hardness.

One should note that competing industries that

are not affiliated with the AMMTRA
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collaborative effort are also actively researching

the IBP technology area and possible

applications for their commercial products.

In addition to the AMMTRA collaborative effort,

Shimadzu Corporation has developed a variable

energy Radio Frequency Quadrople (RFQ)

magnet that can be used to improve the transport

characteristics of implanted ions for all IBP

processes.  RFQ magnets are capable of

accelerating heavy ions with a current in excess

of several milliamperes and up to energies in the

million electron-volt (MeV) range.

Shimadzu Corporation’s MeV ion implantation

system consists of an end station, a RFQ

accelerator, and an injector.  They are

researching potential aerospace applications for

this technology such as valves for rockets and

satellites.

In addition to the IBP technologies, Japanese

firms are currently investigating other competing

high technology surface finishing treatments.

These firms include Toyota Research Lab and

Mitsubishi Electric.  Toyota has done substantial

work with DLCs and is pursuing silicated DLCs

for potential automotive applications.  Mitsubishi

Electric is marketing worldwide their ion cluster

beam equipment and indications are that they

have sold hundreds of units to date.  Their

process uses an ion cluster beam technique that

was developed at the University of Kyoto.  This

technology is also being commercialized in the

United States by Epion Corporation in Bedford,

MA.

3.4.3 Russia

Preliminary indications are that Russia is the

recognized world leader in the advancement of

MEVVA-based metal ion implantation.  Their

MEVVA-based equipment is similar to those

marketed by ISM Technologies in San Diego,

CA.

Information obtained to date indicates that there

are approximately 50 MEVVA-based metal ion

beam implantation systems operational

throughout Russian industry.  They primarily use

these systems for tool stamping and punching

tools, dyes, molds, and cutting tools.  The

operational systems are reportedly comparable in

size to the nitrogen implanter installed at CCAD.

The source of the Russian IBP equipment is not

known.  However, given the parallel Fusion and

Space programs similar to those in North

America that produced the IBP equipment, the

implication is that Russia is developing and

producing their own IBP equipment.

3.4.4 United Kingdom (UK)

The UK is heavily involved in researching and

using IBP technologies.  They use IBP on such

items as automotive components, bearings, tools,

drill bits, nozzles, gears, injection molding

screws, among others things.  The Harwell

Laboratories of AEA Technology is a

predominant researcher, developer and user of

IBP technologies.  They have been involved in

the development of IBP technologies for the past

30 years.  They were one of the first companies
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conducting research into the implantation of

metals and the establishment of ion implantation

as an industry standard process for semi-

conductor device fabrication.

Harwell Laboratories is considered a leader in

applying the IBP technique involving a multipole

source in the extracted beam or line-of-sight.

Harwell has also constructed one of the largest

implanters at their Harwell laboratory facility.

Another major UK IBP researcher and developer

is Tech-Ni-Plant, which  is the largest service

center for ion implantation in Europe.  They

implant nitrogen ions into the surface of steel

tooling, and machine parts made from steel and

non-ferrous materials.  They have been providing

this service for the past 15 years.
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4.0 APPLICATIONS OF IBP

TECHNOLOGIES

Traditional metal finishing applications can be

subdivided into the following generic areas:

Chemically functional: Corrosion resistant

coatings, catalytic coatings, engine blades and

vanes, battery strips, marine use equipment.

Decorative: Aesthetically pleasing coatings on

all kinds of consumer products.

Electrically functional: Electrical conductors,

electrical contacts, active solid-state devices,

electrical insulators, solar cells.

Mechanically functional: Lubrication films, wear

and erosion resistant coatings, diffusion barriers,

hard coatings for cutting tools.

Optically functional: Laser optics (reflective and

transmitting), architectural glazing, home

mirrors, automotive rear view mirrors, scanning

counter glass used on check-out registers such as

the ones used in grocery stores, glass reflective

and antireflective coatings, optically absorbing

coatings, selective solar absorbers.

Ion implantation and IBAD can potentially serve

most, if not all, of these traditional applications.

As will be seen, many have been already

demonstrated.  The primary determinate in most

of these applications, though, is cost.  As

discussed in Section 2.0, both ion implantation

and IBAD are relatively high cost techniques

compared to the more traditional metal finishing

technologies.  In order for ion implantation and

IBAD to be viable alternatives in the metal

finishing sector, either the peripheral costs

associated with the other techniques, such as

environmental remediation costs, have to be

prohibitive, or high value, high payoff

applications need to be identified and targeted.

Despite being unsuccessful in penetrating many

of the commercial markets, ion implantation has

been demonstrated for many applications.  Table

4-1 highlights applications in which IBP

technologies are currently in use or have been

successfully demonstrated as being capable of

handling or enhancing the performance

requirements needed by the application.  It then

describes current competing technologies for the

applications and the appropriate ion beam

technology that could be used.
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Table 4-1.  Current and Demonstrated Potential Ion Beam Technology Applications

Application
Area Example Applications Current

Demon-
strated

Potential IBP Technology
Competing
Technology

Medical hip replacements, knee joints,
shoulder implants, spinal screws,
dental implants, optical filters,

X-ray mirrors

X X nitrogen ion
implantation,

IBAD

chemical vapor
deposition,

physical vapor
deposition,

Aerospace ball bearings, hinge pin bearings,
gear box bearings, gears, pillow
blocks, turbine blades, turbine

vanes

X nitrogen ion
implantation,

IBAD

thermal spray,
ion plating

Automotive cylinder liners, piston rings, cam
shafts, cam followers

X nitrogen ion
implantation

thermal spray,
sputtering

Tools and
Dies

cutting tools, punches, tool
inserts, knives

X X nitrogen ion
implantation,

metal ion
implantation

chemical vapor
deposition,

physical vapor
deposition,

Non-metallic
Materials

ceramic internal combustion
engine components, plastics,

glass

X metal ion
implantation,

IBAD

Appendix E contains tables that provide a more

detailed summary of successful metal finishing

demonstrations of ion implantation uncovered in

research for this report.  One will note that these

demonstrations encompass all of the generic

metal finishing application areas discussed

above.

4.1 Ion Implantation Applications

4.1.1 Medical

The largest current use of ion implantation for

commercial applications is in the medical field.

Because quality of life issues are uniquely

paramount in this application area, it is

characterized by a willingness to pay a premium

for high quality products and services.  It is a

high value and payoff application area that can

afford the cost of ion implantation.

The pioneering work in this application area was

performed by Spire Corporation in Bedford, MA,

largely under  the auspices of the U.S. Navy’s

Small Business Innovative Research (SBIR)

Program.  Spire currently implant nitrogen and/or

carbon ions in both titanium alloy and cobalt-

chrome orthopedic devices using mass-analyzed

ion implantation techniques.  The ion implanted

medical components provide a number of

benefits.  Among the benefits are:

• Improved wear resistance and surface

hardness,

• Reduction in particle debris from wear,

• Creation of a low friction surface,

• Enhanced bone cement adhesion,

• Improved corrosion resistance,

• Preservation of bulk material properties,

• Biocompatibility.

Examples of the ion implanted devices include

hip replacements, knee joints, shoulder implants,
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spinal screws, and dental implants.  Spire

estimates that they implant in excess of 100,000

components each year.

Implant Sciences Corporation has expanded their

business base and now shares a part of the

medical market for some devices.

4.1.2 Aerospace

The aerospace area is where ion implantation has

been demonstrated on several occasions.  Other

cheaper, more traditional techniques such as

electroplating, thermal spray, and ion plating

dominate this market, and prevent ion

implantation from gaining any appreciable

market share.  Many of the specific applications

in this area require the build-up of surface

dimensions that ion implantation cannot provide.

Thick ion-plated aluminum coatings, for

instance, are now used in various irregular

shaped parts of aircraft and spacecraft as well as

on fasteners.  These thick ion plated coatings

have even been found to be partial replacements

for electroplated cadmium, and can provide good

corrosion protection.

Several years ago, the U.S. Navy explored the

use of ion implantation to improve the corrosion

resistance of ball bearings for their jet engines.

The specific ball bearings were J-79 main shaft

engine bearings.  This work culminated in a

Manufacturing Technology program that proved

that chromium ion implantation could increase

the life of bearings by a factor of 2.5; that the

cost to implant the bearings was less than the cost

of a new set of bearings; and that the savings

from reduced overhauls, combined with reduced

bearing costs, would provide a benefit to cost

ratio of around 20:1.  During this program the

contractor, Spire Corporation, also successfully

demonstrated the implantation of H-46 helicopter

hinge pin bearings and  helicopter gear box

bearings, and also flight tested the bearings.

Despite these exceptional results, though, the

U.S. Navy has taken no steps to equip its jets

with ion implanted bearings.

Since 1990, the U.S. Army has been exploring

the use of ion implantation to improve the

performance of a number of Army helicopter

components.  This work has been performed

primarily at Corpus Christi Army Depot (CCAD)

The specific helicopter components include

bearings, gears and pillow blocks subject to wear

and/or corrosion.  To date, ground tests have

been conducted with great success, demon-

strating significant increases in component

lifetimes.  Additional tests have been conducted

on the effect of ion implantation on the fatigue

life of implanted components to determine if

there is a possibility that ion implantation of

components can lead to reduced fatigue life and

potential catastrophic failure.  These tests have

not shown any evidence of reduced fatigue life.

The Navy is actively involved and supporting the

Army program.

Another potential aerospace application

opportunity for ion implantation is the treatment

of turbine blades and vanes.  Blades and vanes

used in the turbine-end of a gas turbine are

subject to high stresses in a highly corrosive

environment of gases containing oxygen, sulfur

and chlorine.  A single (or “monolithic”)
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material, such as a high temperature alloy, is

incapable of providing both functions.  The

present solution in this application is to design

the bulk alloy for its mechanical properties and

to provide the corrosion resistance by means of a

metallic overlay coating.  The coating is

deposited in production by electron-beam

evaporation and in the laboratory by sputtering or

plasma spraying.  Ion implantation may be able

to provide both the mechanical properties and the

corrosion resistance for this application.  This

would also be true for turbine engines used in

ground vehicles.

The Canadian DND initiated in May 1996 a trial

test program of F-18 jet engine outlet “turkey

feathers” nitrogen ion implanted at CCAD.  The

Canadian F-18 Program Office has found that

they have to replace these components as many

as three or four times a year.  At the time of the

publication of this report results of the first test

trials are not available, but DND representatives

are hopeful that ion implantation can result in

less frequent replacement of the “turkey

feathers," and therefore produce a substantial

maintenance cost savings.

4.1.3 Automotive

Many researchers working in the ion

implantation field believe that the automotive

market will be the largest future market for ion

implanted parts.  The conservative nature of this

market, though, is not conducive to introduction

of new technologies.  Competitive pressures from

Japan and regulatory pressures discussed in

Section 2.0, however, may combine to make ion

implantation an acceptable process in the future.

As with the aerospace market, traditional,

relatively inexpensive metal finishing techniques

such as electroplating, thermal spray, and

sputtering dominate the present automotive

market.  For instance, most of the fasteners used

in automobiles are electroplated, and the

lightweight plastic grilles found on many cars are

overcoated with chromium by sputtering to give

the accustomed and acceptable appearance.  The

automotive market is driven more than most by

decorative concerns and by cost. The competitive

nature of the industry forces the automakers to

budget down to the penny and the ounce in order

to gain any advantage that they can.

Automotive parts that are subject to wear or

corrosion are potential applications for ion

implantation.  However, the parts cannot be too

complex, given the line of sight requirement of

direct ion implantation.  Cylinder liners and

piston rings are examples of parts that could

benefit from ion implantation.  As these parts

wear, they allow more oil into the engine’s

combustion chamber.  Oil in the combustion

chamber results in particulate emissions.  Ion

implantation of both cylinder liners and piston

rings, alone or in combination with other surface

treatments, could be used to increase wear

resistance of these components, and in turn

reduce emissions of particulates.  Cam shafts and

cam followers are other examples of potential

applications.  These parts also wear with time,

reducing engine performance efficiency.  A

combination of ion implantation and other

surface technologies could reduce wear of these
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components, maintaining engine performance

over the lifetime of the automobile.

Ion implantation can potentially assist in

reducing the weight of automobile components

as an easy way to increase gas mileage and

reduce pollution.  Wherever possible, automobile

manufacturers are looking to substitute aluminum

or magnesium for steel and cast iron.  This

substitution is often prevented by the fact that

they do not have as good wear and/or corrosion

resistance as the heavier metals that they are to

replace.  Ion implantation could modify the

surface properties of these materials to allow

them to be used.

The need in some parts of the U.S. to use

alternative fuels such as methanol to reduce air

pollution may also provide an opportunity for ion

implantation.  Methanol is more corrosive than

gasoline, so while engines can burn this fuel,

their internal components will not last as long.

Ion implantation has been demonstrated to

improve corrosion resistance of cast iron, steel

and aluminum (common engine materials) and

can thus be used to allow methanol-burning

without design changes that would needed to

introduce new base materials such as stainless

steel.

The potential of ion implantation in the

automotive market was the subject of a recent

Cooperative Research and Development

Agreement (CRADA) between Los Alamos

National Lab (LANL) and General Motors

(GM).  In this technology transfer arrangement,

LANL used their PSII equipment to implant a

number of automobile engine components that

were then tested by GM.  According to GM, the

PSII technique showed promise for these

applications and does not have the line-of-sight

limitations of DII, so was capable of implanting

relatively complex parts.  At the time of this

report, however, PSII has not been demonstrated

in a production setting.  LANL now, though, has

a working arrangement with Empire Hard

Chrome to move their PSII equipment to Empire

Hard Chrome’s facility in Chicago in order to

prove out the technique in a production setting.

This arrangement ought to be watched very

closely over the next two years to see if the

potential of this technique can be realized.

4.1.4 Tools and Dies

The tool and die market was the first market ion

implantation researchers attempted to penetrate

in the 1970’s and 1980’s.  The high cost of

manufacturing shop floor cutting tools, punches,

and tool inserts was thought to make ion

implantation an attractive alternative.  Success in

penetrating this market, though, has been mixed.

Cutting tools are made of high-speed steel or

cemented carbides.  They are subject to

degradation by abrasive wear as well as by

adhesive wear.  In the latter case, the high

temperatures and forces at the tool tip promote

microwelding between the steel from the

workpiece and the steel in the high-speed steel

tool or the cobalt binder phase in the cemented

carbide.  The subsequent chip breaks the

microweld and causes tool surface cratering and

wear.  At present, coatings deposited by chemical

vapor deposition or physical vapor deposition are
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the primary methods of protecting cutting tools.

In these cases, a thin layer of a compound such

as titanium carbide introduces a diffusion barrier,

preventing the microwelding.  Improvements in

tool life by factors of 300 to 800% are possible,

as well as reductions in cutting forces.  Cutting

tools have been implanted for some time with

varying degrees of success.  Generally speaking,

if the material being cut is very hard, the implant

will have little effect on the life of the tool.  If, on

the other hand, the material being cut is not

particularly hard ion implantation will increase

the tool life by a factor of two to five.

Molds and dies used to form plastic components,

mint coinage, and generally fabricate compo-

nents are regularly implanted to increase life.

Two approaches are applied: direct treatment of

the mold or die, and treatment of the mold or die

after chromium electroplating.  In this latter case,

it has been found that dies and molds coated with

chromium can be re-used a limited number of

times after the chromium wears down by

stripping off the chromium and reapplying the

chromium electroplate coating.  As some of these

components cost over $250,000 to manufacture,

any increase in life of the chromium coating is

extremely desirable.  Nitrogen ion implantation

can increase the life of chromium coatings by as

much as a factor of ten without reducing the

number of times it can be stripped and replaced.

Punches are also being implanted with great

success.  The outer circumference of the punch is

implanted.  As a result, not only does one

increase the life of the punch but the punch can

be reground, retaining extended life without ion

implanting a second time.  In fact, in some cases

the punch lasts longer after the regrinding.

Similarly, knives need be implanted on one side

only to allow resharpening.  Tests have been

conducted comparing V-shaped knives implanted

with carbon or nitrogen on one side against

knives that are either unimplanted or coated with

titanium nitride.  In all of the tests, the

implantation increased the life by a factor of 3.5

to 4, even after re-sharpening.

Tools inserts are a subset of the cutting tool

market and have only recently begun to be

implanted.  Generally, the harsh conditions

associated with the cutting applications where

tool inserts are used - turning, grooving, drilling,

threading, and milling of metals - were

considered too severe for the surface effects of

ion implantation to produce any improvement.  A

group of machinists at Corpus Christi Army

Depot (CCAD), with support from the Army

Research Laboratory, proved otherwise.  They

demonstrated that nitrogen ion implantation of

both uncoated tungsten carbide and titanium

nitride coated tungsten carbide tool inserts will

more than double tool insert life and increase the

life consistency for cutting stainless steel.

Subsequently, it has been found that metal ion

implantation can provide similar increases in tool

life for cutting other steels, titanium alloys, cast

iron, fiberglass, phenolics and a wide variety of

other metals.  In addition to increased life, use of

implanted inserts results in faster cutting, more

consistent insert performance, and better surface

finish.
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4.1.5 Non-Metallic Materials

Ion implantation has been demonstrated to

greatly increase the wear resistance of tool

inserts.  Most tool inserts are made out of cobalt-

cemented tungsten carbide and coated with

ceramics such as titanium nitride.  Ion

implantation improves the surface properties of

monolithic ceramic materials.

While ceramic systems are simpler than metals,

the highly ordered ceramic molecular structure

yields some interesting results.  For example, ion

implantation of metals almost always results in

an increase in surface hardness.  In the case of

ceramic materials, if the ceramic remains

crystalline, the surface hardness will be increased

by ion implantation.  However, it is possible for

implantation to make the surface amorphous, in

which case the surface will become softer.  In

either case, the implantation results in reduced

crack formation and propagation, and

accordingly, reduced wear.  There is also data

indicating that the fracture toughness of ceramic

materials is increased by ion implantation.

The most exciting results of ion implantation of

ceramic materials were obtained in experiments

conducted for an Indianapolis Car Racing Team

by the Southwest Research Institute (SwRI) in

San Antonio, Texas.  The project was to find

materials suitable for the high temperature

engines used in Indianapolis Racing Cars.  These

engines operate at temperatures too high for steel

or normal lubrication systems.  Ceramic

materials such as silicon nitride were selected for

potential cylinder liners, with titanium carbide

chosen for the piston rings.  Without any surface

treatment, sliding tests at elevated temperatures

yielded coefficient of friction values far too high

for engine use.

Lubricating metals were deposited onto the

surface of the cylinder liner, but those wore off in

a very short time.  It was only when the

researchers turned to ion implantation that they

were able to achieve satisfactory results.  It was

found that ion implantation of a titanium and

nickel metallic coating on silicon nitride resulted

in enormous and lasting decreases in the

coefficient of sliding friction in a diesel engine

environment.  Clearly, ion implantation offers an

excellent means of improving the properties of

ceramic materials, including ceramic coatings,

for engine and other applications.

Care must be taken in ion implanting ceramics.

Unlike metals, ceramics are not as easily

modified by gas ions.  There is ample evidence

that ion implantation with gas ions such as

nitrogen into ceramics can lead to blistering and

actual softening of the surface.  This is because

the gas ions can agglomerate into voids,

eventually accumulating to a degree that they

destroy the ceramic surface.  Therefore, it is

much safer to ion implant ceramic materials with

metal ions.

Plastics are another material subject to surface

modification by ion beams.  Tests have shown

that ion implantation increases the hardness of a

number of plastics by more than an order of

magnitude.  Moreover, the peak of the hardness

is not at the peak of the distribution of the

implanted material, but nearly ten times that
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depth.  In order to cut the plastic after hardening

by ion implantation of gold ions, the force on the

cutting blades had to be increased six-fold.

The coefficient of friction of hard plastics can

also be affected by ion implantation.  Experi-

ments indicate that the friction coefficient of hard

plastic can readily be reduced by a factor of three

in rolling contact by chromium ion implantation.

Chromium and titanium ion implantation

increases the hardness three to six times for a

variety of plastics.  Appropriate application of

these results are still lacking, and the application

to plastics offers an excellent opportunity for

future development.

Ion implantation of plastics is not without its

drawbacks.  The most serious is the energy

carried by the beam.  As most plastics are poor

conductors of heat and melt at relatively low

temperatures, it is easy to overheat plastics

during the implantation process.  Thus, systems

suitable for implanting metals may not be

suitable for implanting plastics.

ISM Technologies Corporation in San Diego,

CA worked with Oak Ridge National Laboratory

(ORNL) on metal ion implantation of plastics.

They found that implanting plastics with low

doses of chromium and titanium leads to very

large increases in surface hardness.  Metal ion

implantation can also be used to reduce or

eliminate hydrogen embrittlement.  Platinum

implanted into surfaces serves as a catalyst which

accelerates the recombination of hydrogen atoms

into molecules so that they do not diffuse into the

surface.  Other implanted materials can form

barriers to hydrogen as well.  ISM has

investigated the use of metal ion implantation as

a pre-treatment for chromium plating, which

would reduce the effects of hydrogen embrittle-

ment.  Metal ion implantation has an advantage

over conventional ion implantation because there

is no gas loading problem.  At currents of 1-2 A,

there is a big problem with pumping out gas in

conventional ion implantation systems.  The

same principle allows independent control of the

pressure of deposition.  The mixing of reactive

gases is also much easier.

It is not well understood why ion implantation

causes changes in the surface properties of

materials below the implantation depth.  In metal

ion implantation, the implantation zone is

typically 0.05 to 0.2 micrometers, whereas the

implantation-affected zone (IAZ) can be as deep

as 100 micrometers.  ISM and other researchers

have studied the mechanisms accounting for this

observed effect.  Understanding why ion

implantation causes changes in surface properties

deeper than the actual implantation depth is of

interest for more than academic reasons. ISM has

shown that ion implantation causes lattice defect

generation in the IAZ.  ISM believes that nodal

dislocations probably account for the observed

performance improvement of the IAZ by

blocking crack promulgation at the surface.

Some Russian researchers have been trying to

prove this experimentally.  ISM believes that

there is no appreciable increase in compressive

stress in the IAZ and that this probably does not

account for the observed performance

improvement.

Optical properties are probably the most

important feature to be improved by ion
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implantation of glass.  The general idea is to find

an implantation process that limits infrared and

ultraviolet transmission without reducing

visibility.  Infrared radiation causes the interior

temperature of closed automobiles to climb to

unbearable levels.  Ultraviolet radiation fades car

and house fabrics and cracks leather and vinyl.

The potential gains from ion implantation of

glass for improving optical properties are thus

quite significant, and studies are underway in

both of these areas.

Another interesting area of exploration is the use

of ion implantation to reduce the wear and

corrosion of glass.  Glass used for supermarket

checkout scanners is presently being metal ion

implanted to improve wear and hardness, and

make the glass more resistant to scratching.

As for corrosion, generally we think of glass as

being oblivious to environmental conditions.

However, acidic pollutants in the air or water

will attack additives in glass, resulting in

structural or optical problems.  It has been found

that ion implantation of molybdenum will protect

glass from sulfuric acid attack.  It needs to be

determined if such is a viable application of the

technology.

4.2 Ion Beam Assisted Deposition (IBAD)

IBAD is currently used to produce thin film

coatings for optical applications such as optical

filters.  The technique is now expanding into low

friction , improved wear, and corrosion resistant

coating application areas.

Applications being explored for IBAD coatings

on metal substrates include corrosion protection

and many of the applications discussed above for

ion implantation.  As with ion implantation,

IBAD has also been able to penetrate the medical

market.  Unique IBAD applications include the

deposition of molybdenum sulfide (MoS2) films,

and the fabrication of optical filters and

multilayer X-ray mirrors.

Spire Corporation demonstrated the growth of a

number of IBAD coatings under a recent SBIR

contract with the U.S. Army Research

Laboratory in Watertown, MA that the U.S.

Army Acquisition Pollution Prevention Support

Office (AAPPSO) initially sponsored.  The goal

of the program was to examine the feasibility of

applying IBAD to production of corrosion

resistant coatings for military applications.

Under this program, IBAD was investigated as

an environmentally acceptable coating process to

conventional plating processes using cadmium,

chromium, nickel and zinc.  Spire found that

IBAD possesses the capability of depositing

protective coatings of equivalent or superior

quality to conventionally deposited coatings in a

mass production environment.  Specifically,

Spire demonstrated the deposition of zinc,

aluminum, nickel and chromium IBAD coatings.

In each case, the coatings displayed performance

in one or more areas that was equivalent or

superior to those produced by conventional

means.  Additionally, all coatings were deposited

with no adverse physiological or environmental

effects; all waste produced by the process was in

the form of solid effluents that was nearly 100%

recoverable.  Spire concluded that the enhanced

performance, in combination with the

environmental acceptability of the “dry” IBAD
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process, should prompt industry to seriously

consider adapting IBAD for a metal finishing

production process.

Examples of IBAD corrosion protection films

include silicon nitride (Si3N4) films deposited on

aluminum (Al) and titanium nitride (TiN)

deposited on steel.  In the latter case, the IBAD

coating was compared with three other industrial

coating processes; magnetron sputtering, arc

evaporation and ion plating.  The films were

evaluated for composition, hardness, friction,

wear and corrosion protection.  The magnetron

sputtered sample corroded rapidly after a few

cycles.  The arc evaporation coating corroded

rapidly and continuously in spite of being the

thickest coating.  The ion plated process

overheated the steel and softened it although it

gave the best long term corrosion protection.

The IBAD film, which was the thinnest, initially

showed the lowest corrosion rate, but also

eventually failed.  It  exhibited the lowest

coefficient of friction and wear life comparable

to the others.  Thus IBAD shows good potential

as an industrial process.

MoS2 solid lubricant films deposited by IBAD

have demonstrated improved performance over

sputter-deposited films.  They are more adherent,

have longer lifetimes and are less affected by

storage in atmospheres with high humidity.  The

major difference between sputtered films and

IBAD films is that the sputtered films have a

random distribution of crystalline orientations

while the IBAD films grow oriented

perpendicular to the substrate.  This property has

the effect of making IBAD films less susceptible

to damage from humidity.

Optical filters are used to protect sensors and

eyes from laser radiation at specific wavelengths

Filters typically absorb light in a narrow

bandwidth and transmit other frequencies, but

tend to be fragile and subject to delamination

under high heat loads or thermal cycling.  NRL

has shown the feasibility of using IBAD to

deposit silicon-nitride films with periodically

varying index of refraction to create what is

termed a “Rugate” (as in “corrugated”) optical

filter.  Rugate filters have been fabricated from

silicon-nitride and boron-nitride materials, and

filters have been fabricated for several wave-

lengths, including the 1.06 micron infrared (IR)

laser wavelength and the 3 to 5 micron IR band.

The most impressive demonstration of the power

of IBAD technology is the deposition of multi-

layer films for X-ray mirrors by Japan Aviation

Electronics Industry Ltd. as part of the Japan’s

Advanced Material-Processing and Machining

Technology Research Association (AMMTRA)

program on IBP technology.  Performance of X-

ray mirrors depends on surface and interface

roughness and scattering from internal grain

boundaries.  Thus, it is desirable to deposit the

films under conditions where interface reactions

are minimized and the films are amorphous.

Under the AMMTRA program, good quality X-

ray mirrors were fabricated from tungsten

carbide (W/C) and nickel carbide (Ni/C).

Future development of IBAD on a commercial

scale will probably depend on the ability to easily
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control the effects of the process variables on the

properties of the thin film.  Once this is

accomplished, IBAD will be better able to

compete in applications that presently use ion

plating, vacuum arcs, and magnetron sputtering.
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5.0 BENEFITS OF IBP

TECHNOLOGIES

The purpose of this section is to summarize the

benefits of ion implantation and IBAD.  Some of

the benefits have been presented in the previous

two sections; others are presented here for the

first time.  The intent is to bring together all of

the benefits of the techniques into one place so

that the reader can more fully comprehend what

can be gained by the use of these technologies.

Later in this report, market and technological

barriers to commercialization of the IBP

technologies are presented.

5.1 Benefits of Mass Analyzed and Direct

Ion Implantation

The are many benefits to using mass-analyzed

and direct ion implantation for metal surface

finishing.  These benefits are:

• Ion implantation is an environmentally

acceptable metal surface treatment process,

• Ion implantation processing costs are

decreasing,

• Surface properties of implanted parts are

improved,

• Surface properties can be tailored without

adversely affecting bulk properties,

• Ion implantation is a comparatively low

temperature process,

• No possibility of a coating delaminating,

• Ion implantation is a highly controllable and

reproducible process,

• Ion implantation does not change the

dimensions of implanted parts,

• Implanted parts do not require any

additional rework,

• Virtually any element in the periodic table

can be implanted, and,

• Ion implanted parts are biocompatible.

These benefits are discussed in more detail in the

following sections.  Additional benefits of using

plasma source ion implantation are discussed in

Section 5.2.

5.1.1 Ion Implantation is an

Environmentally Acceptable Treatment

Process

Ion implantation does not have any major

environmental drawbacks, unlike cadmium and

chromium electroplating, for instance,.  It does

not produce any wastewater with toxic metals,

does not produce any toxic fumes, and does not

produce any unacceptable noise levels.  All of

the reactions take place inside a sealed vacuum

chamber.

In the process of this study BDM attempted to

compare and quantify the environmental benefit

to using ion beam processing technologies as

opposed to cadmium and chromium

electroplating.  This is not to imply that IBP

technologies are to considered direct

replacements for either cadmium or chromium

electroplating.  Rather, the intent was to analyze

the environmental costs associated with

electroplating that would not be incurred with

either ion implantation or IBAD.  This analysis is

based upon the costs associated with present and

proposed regulations and on empirical data

obtained on the real operating costs of 184
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electroplaters in the United States.  This entire

analysis is presented in Appendix F of this

report.  The following paragraphs summarize the

results of the analysis.

The goal of the first part of the analysis was to

determine how much metal finishers have already

spent on pollution prevention and pollution

control.  Based upon questionnaire responses

from their member companies, the National

Association of Metal Finishers (NAMF) and the

Association of Electroplaters and Surface

Finishers (AESF) estimate that the metal

finishing industry has spent $42 million, or 27%

of capital expenditures, on pollution prevention.

They further estimate that the industry has spent

$218 million, or about 5.7% of sales, on

pollution control.

The study team was also able to obtain the results

of a study commissioned by the National Center

for Manufacturing Sciences (NCMS) on

pollution prevention and pollution control

technologies used in electroplating operations.

This study was conducted by CAI Engineering.

The study includes empirical data on real end-of-

pipe pollution control equipment costs for 184

cadmium and chromium electroplaters in the

United States.  By analyzing the data supplied by

the responding electroplaters, the average capital

cost per electroplating firm for the

implementation of pollution prevention and

pollution control technologies was found to be

$295,025 in 1993 dollars.  The average annual

operating and maintenance cost for these

technologies was found to be $86,988 in 1993

dollars.

The goal of the next part of the analysis was to

determine the typical cost of complying with

OSHA and EPA regulations.  In the case of

OSHA regulations, the study team was able to

acquire data on the estimated cost to

electroplaters of complying with the new

proposed cadmium permissible exposure limit

(PEL).  OSHA has estimated that compliance

with the new PEL for cadmium of 5 grams per

cubic meter (g/m3) would cost the cadmium

electroplating industry as a whole $665,400 in

1987 dollars.  This represents a cost of

approximately $200 per plant and $78 per

employee, or 7.59% of the profit of the average

electroplating shop.

As for EPA regulations, data was acquired from

EPA on the estimated cost of complying with the

Phase I Metal Products and Machinery Rule for

both direct and indirect dischargers.  Under

EPA’s preferred option for direct dischargers,

EPA has estimated that compliance with Phase I

would cost the industry as a whole $59 million in

capital costs and $13.1 million in annual

operating and maintenance costs.  The average

cost to an affected facility would be $5,600 in

capital costs and $1,200 in annual operating and

maintenance costs.  Under EPA’s preferred

option for indirect dischargers, EPA has

estimated that compliance with Phase I would

cost the industry as a whole $337 million in

capital costs and $145 million in annual

operating and maintenance costs.  The average

cost to an affected facility would be $31,800 in

capital costs and $13,700 in annual operating and

maintenance costs.  All these costs are expressed

in 1989 dollars.
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Data acquired from IBP researchers as part of

this study indicates that the start-up capital costs

for installing a small-scale nitrogen implanter

range between $250K to $500K.  The above

analysis indicates that these capital costs could

be almost fully covered by money now spent to

remediate potential environmental problems at

electroplating plants.  The analysis also indicates,

though, that the surface finishing industry as a

whole, and the electroplating industry in

particular, has already made significant

investments in environmental remediation, and

continues to do so.  This may partially explain

why many metal surface finishers are unwilling

to invest in IBP technologies; they do not want to

see their already substantial investments in

environmental remediation to have been in vain.

5.1.2 Ion Implantation Processing Costs

are Decreasing

As in any other surface finishing technology,

costs for ion implantation will fall as equipment

capacity increases.  Direct ion implantation

systems, such as the metal ion implantation

systems built by ISM Technologies and the

nitrogen ion implantation systems built by

Implant Sciences and installed at CCAD, are

versatile, relatively simple and cheap to operate.

No large extractor magnets are necessary as in

the case of MAII systems.  Also, in direct metal

ion implantation, no large volumes of gas need to

be dealt with by the pumping system.  With the

advent of industrial scale direct metal ion

implantation systems, ISM states that costs have

fallen from the order of $1-$10 per square

centimeter (cm2) to as low as $0.03 per cm2 and

will drop to below $0.01 per cm2 in equipment

now under construction.  In their paper “Cost

Estimates for Commercial Plasma Source Ion

Implantation,” Alexander and Rej also estimate

that a reasonably sized PSII treatment facility

should be able to treat a surface area of 10,000

square meters (m2) per year at a cost of $0.01 per

cm2. If these prices can be achieved, ion

implantation will be able to directly compete

cost-wise with the traditional surface finishing

techniques such as electroplating.

5.1.3 Surface Properties of Implanted

Parts are Improved

Ion implantation has been demonstrated to

improve corrosion and wear resistance; increase

surface hardness; and lower the coefficient of

friction, or increase lubricity.  In addition, the

surface finish of treated parts are not affected, an

important consideration for decorative

applications.  In fact, in most cases the surface

finish is improved because of the cleaning action

of the ion beam (See Table 2-1).

5.1.4 Surface Properties can be Tailored

Without Adversely Affecting Bulk Properties

Since ion implantation only affects the top 1 to

100 microns of any metal surface, important

inherent material properties of the piece being

implanted are largely unaffected.  The actual

impact zone of the implant is limited to a depth

of 0.2 microns, as will be discussed later in the

report.  The actual impact zone is the area where

the ion beam impinges on the surface and where

the chemical reaction between the ion beam and

the surface is a maximum.  In the medical

application area, for instance, the excellent

mechanical and chemical properties of titanium
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alloys are preserved and complement the

improved properties provided by nitrogen ion

implantation.

5.1.5 Ion Implantation is a Comparatively

Low Temperature Process

Ion implantation typically takes place at

temperatures less than 300 degrees Fahrenheit

(°F) or 150 °C.  This can be compared with

PVD, which takes place between 400 and 950 °F

(200 and 510 °C), and CVD, which takes place

between 1750 and 1950 °F (950 and 1065 °C).

This comparatively low processing temperature

allows ion implantation to be used on materials,

such as plastics, that might otherwise be

damaged or destroyed when exposed to high

temperatures.

5.1.6 No Possibility of a Coating

Delaminating

Ion implantation is a surface modification

technique only.  It is not a coating technique.

Thus, there is no coating to potentially flake off

or delaminate.  The implanted ions do react

chemically with the atoms of the piece being

implanted but this reaction takes place within the

surface of the piece and acts to improve wear and

corrosion properties.

5.1.7 Ion Implantation is a Highly

Controllable and Reproducible Process

This is the primary reason ion implantation is

used in the semiconductor field.  The ion species,

ion energy, implantation dose and ion current

density can be precisely controlled, resulting in

high quality implants with the exact properties

required.  Research is still necessary to determine

precise control parameters for particular

applications.  This is not a limitation of the

process, though, but rather a gap in knowledge.

5.1.8 Ion Implantation Does Not Change

the Dimensions of Implanted Parts

As stated previously, ion implantation is a

surface modification process.  It is not a coating

process.  Thus, the dimensions of a part being ion

implanted do not change as a result of the ion

implantation process.  This property is actually

both a benefit and a limitation.  On the benefit

side, costly redesign of existing components is

not required to use ion implantation.  They can

be ion implanted and then placed back into

operation without concern that the dimensions of

the part may have been modified.  As mentioned

in Section 3.0, though, many wear applications

require the build-up of surface dimensions to

protect the substrate.  For these applications, part

specification changes would be necessary to use

ion implantation.

5.1.9 Implanted Parts Do Not Require Any

Additional Rework

Parts often have to be ground or polished after

having surface treatments applied to them,

leaving behind substantial wastes that need to be

disposed.  This post-treatment rework is not

required for parts that have been ion implanted

since ion implantation does not apply a coating

to parts being treated.  It is also not required after

physical vapor deposition treatments.  Boeing

has prepared a cost-benefit analysis for

chromium electroplating and its alternatives that

indicates that post-plate grinding and masking,
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which are unnecessary when using IBP

technologies, can represent nearly twice the cost

of waste treatment and disposal.

5.1.10 Virtually Any Element in the Periodic

Table can be Implanted

As mentioned in Section 2.0, virtually any

element can be ion implanted.  This is more

important for applications other than metal

finishing applications that use MAII, but it does

offer the promise of the development of exotic

metal compounds that provide specific, otherwise

hard to produce performance properties.

5.1.11 Ion Implanted Parts are

Biocompatible

This property is particularly important for the

medical application area.  Medical devices ion

implanted using MAII are not known to have an

abnormally high body rejection rate.

5.2 Additional Benefits of PSII

In addition to the above benefits, there are also

advantages specific to the use of PSII.  These

benefits are:

• PSII allows non-line-of-sight processing,

• Workpiece manipulation is not required,

and,

• PSII promises faster throughput than either

mass-analyzed or direct ion implantation.

These additional benefits are discussed in the

following subsections.

5.2.1 PSII Allows Non-Line-of-Sight

Processing

As one will see later in the report, MAII and DII

are limited in the complexity of the parts that can

be implanted due to the line-of-sight nature of

these techniques.  The unique “workpiece as

negative electrode” basis of PSII allows for non-

line-of-sight processing.

5.2.2 Workpiece Manipulation is Not

Required

This benefit is related to the non-line of sight

processing advantage of PSII.  The schemes used

most often in MAII and DII to work around the

line-of-sight requirement involve the design of

rotating turntables and other workpiece

manipulators to put more of the surface of the

part in the ion beam.  Such manipulation

schemes, though, add to the cost of MAII and

DII.  The “part as negative electrode” basis of

PSII alleviates the need for such schemes.

5.2.3 PSII Promises Faster Throughput

Than Either Mass-analyzed or Direct Ion

Implantation

The high currents used in PSII translate to more

ions impinging on the workpiece being implanted

within a set amount of time than either MAII or

DII.  Thus, PSII has the potential to provide

faster throughput than either of the other

implantation techniques, resulting in lower

processing costs.  One must be cautioned,

though, that at the time of this report PSII has not

been demonstrated in a production setting.
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5.3 Benefits of Ion Beam Assisted

Deposition

As mentioned in Section 2.2, IBAD is a hybrid of

ion implantation and PVD.  It combines the

advantages of both techniques.  These benefits

are:

• IBAD is a comparatively low temperature

process,

• IBAD coatings exhibit high adhesion,

• There is no inherent coating thickness

limitation,

• IBAD coatings exhibit higher density than

traditional coatings,

• IBAD is a highly reproducible process, and,

• IBAD allows precise modulation of

composition with depth.

These advantages of IBAD are discussed in more

detail in the sections that follow.

5.3.1 IBAD is a Comparatively Low

Temperature Process

Like ion implantation, IBAD takes place at low

temperatures.  Even polymers with low melting

points can be coated, because the deposition

temperature can be maintained between room

temperature and about 100 degrees Celsius.

5.3.2 IBAD Coatings Exhibit High

Adhesion

Parts that are coated using IBAD can be sputter

cleaned as with PVD with the ion source that is

part of the IBAD system prior to coating

deposition.  This promotes improved bond

formation between the part and the coating.  The

ion source also acts to continuously clean the

surface during coating deposition, further

improving the adhesion.  The adhesive strength

of IBAD coatings are typically 10 to 100 times

higher than for coatings deposited by PVD.

5.3.3 There is No Inherent Coating

Thickness Limitation

Most deposited coatings retain stress that limits

the thickness that can be deposited.  The stress

can either rupture the interface bonds between

the part and the coating or exceed the cohesive

forces of the material, forcing delamination or

destruction of the coating.  Research has shown

that IBAD coatings can be grown with very small

stresses, resulting in no inherent limitation on the

thickness of IBAD coatings.

5.3.4 IBAD Coatings Exhibit Higher

Density Than Traditional Coatings

Traditional coating techniques such as

electroplating and thermal spray leave voids or

columnar structures that allow contaminates and

corrosives to reach the underlying substrate

material that the coating is there to protect.

IBAD coatings have been found to be higher

density than many of the more traditional

techniques, thereby reducing the number of

voids.

5.3.5 IBAD is a Highly Reproducible

Process

Like ion implantation, IBAD has developed into

a highly reproducible process with the precise

control of ion source and beam standard

operating procedure.
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5.3.6 IBAD Allows Precise Modulation of

Composition with Depth

The IBAD coating can be precisely modulated as

a function of thickness to produce functionally

gradient materials with properties such as graded

hardness, coefficient of thermal expansion,

refractive index, density, tensile strength, and

stress.  In other words, IBAD coatings can be

grown so that the value or strength of these

properties changes as you probe deeper within

the coating.
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6.0 BARRIERS TO

COMMERCIALIZATION

6.1 Socio-Economic or Market Barriers

The following sections describe the socio-

economic and market barriers to the further

commercialization of the IBP technologies that

we identified in the conduct of this study.  The

barriers are not intended to be all inclusive;

however, they represent the most prominent and

influential ones we identified during the conduct

of this study.

From a socio-economic and market perspective,

the primary barriers are related to the current

financial burden associated with acquiring and

operating IBP equipment, and the nature of the

technologies.  Other barriers are based upon

perceptions that were fostered during the initial

commercialization of the IBP technologies in the

1980’s.  Both types of barriers are discussed in

the following sections.

6.1.1 IBP Technologies Require High

Capital Investment Cost

Historically, the biggest barrier to the wider

adoption of IBP technologies in the metal surface

finishing industry has been high capital start-up

costs.  Typical mass-analyzed systems, for

instance, can cost upwards of $2M, not including

additional overhead costs for items such as test

equipment, and facility costs such as rent and

electricity.  Estimated capital costs for a

hypothetical PSII business are still $2.74M;

$860K for the high voltage system, $1.48M for

the vacuum system, and $400K for “ancillaries,”

which include $200K for a machine shop,

overhead crane or gantry, air compressor and

cleaning equipment, and $200K for laboratory

capital equipment such as a residual gas analyzer,

oscilloscopes and other electronic diagnostic

apparatus, a chiller, and a surface hardness tester.

The metal finishing industry sector is comprised

primarily by small businesses.  It is difficult for

the small businesses to absorb the capital costs

needed to acquire IBP related equipment and

presents a financial burden to these companies.

The high capital costs also present a financial

burden to large, diversified companies.  These

companies base their capital investment on

projected return on investment (ROI) over a two

or three year timeframe.  The current lack of high

volume, high value applications makes it

questionable whether a reasonable ROI can be

achieved in this timeframe under the market

conditions.

Some entities within the metal finishing business

and end-users believe that the costs associated

with nitrogen and MEVVA-based metal direct

ion implantation are similar to the costs for mass-

analyzed ion implantation and PSII.  However,

such is not the case.  Small-scale nitrogen and

metal ion implanters currently cost between

$250K and $500K (US).  The financial situation

and the size of the company will determine if the

current cost to acquire a small-scale nitrogen or

metal ion implanter presents a financial burden.

In conclusion, the reality of high capital
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investment for nitrogen and MEVVA-based

metal direct ion implantation technologies could

be more a perception than a reality.

The real issue now is no longer if companies can

afford the capital costs of these systems, but

whether they should in order to maintain their

competitive posture within the commercial and

defense industrial base.  The answer to this

question is now more dependent on the ability of

the IBP service providers to effectively market

these technologies for the application areas that

show that greatest potential, rather than end-users

being able to afford the treatment.  As with any

investment, if the investment in IBP technologies

can prove to have reasonably high return, such as

the market grows for the IBP technologies, the

amount of the initial capital costs should not be

the issue that prevents firms from acquiring an

IBP technology equipment and capability.

6.1.2 IBP Technologies Processing Costs

are High

The perception of many end-users not familiar or

up-to-date with IBP technologies is that the cost

of using them is expensive compared with other

metal surface finishing techniques.  In some

cases, this perception is based upon costs that

were quoted by IBP service providers for

particular applications during the very early

marketing of the technologies in the 1980’s.  The

prices quoted during that period were invariably

based upon the use of expensive mass-analyzed

systems that used magnets to analyze and direct

the ion beam, and also separate out impurities,

and were two orders of magnitude larger than

present costs.

The development of newer nitrogen and

MEVVA-based metal ion direct ion implantation

systems has resulted in lowering the processing

costs.  As mentioned in Section 5.0, the costs of

using the techniques have fallen by a factor of 10

since the introduction of the technologies, and

further reductions by an additional factor of 10 or

more are foreseen by some of the present service

providers.  If the expected reductions materialize,

costs of the IBP technologies will be on par with

other metal surfacing techniques.

As with the capital costs discussed in the

previous section, high processing costs

associated with IBP technologies are currently

more of a perception rather than a reality.

6.1.3 IBP Technologies Have Higher Labor

Costs Than Traditional Metal Surface

Finishing Techniques

Many potential IBP technology users believe that

highly trained and educated scientists and

engineers are required to operate IBP equipment.

This perception stems from the fact that the

technologies were originally developed in DOD,

DOE and academic laboratories.  Thus, the belief

is that the labor costs for commercial IBP

systems is higher than the labor costs for more

traditional metal finishing techniques.  This is

because commercial firms would have to hire

these highly trained scientists, engineers and

technicians to operate the IBP equipment.
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In the case of PSII, this perception may be

partially true.  In PSII systems, higher currents

are used, and there are critical safety concerns

related to the generation of x-rays and the

residual charge left on the pieces that have been

implanted.  High priced, high voltage electronics

and safety technicians may be required to operate

these systems.

Based upon data available to date, the

application of PSII technology to a production

environment may or may not have higher labor

costs depending on the need for highly trained

and educated operators.  Thus, the PSII business

arrangement between LANL and Empire Hard

Chrome in Chicago, IL will have to be observed

closely to see what additional labor costs, if any,

are incurred when applying PSII techniques in a

production environment.

For nitrogen and metal direct ion implantation

the perception of high labor costs may be a false

perception.  CCAD, Implant Sciences, and ISM

Technologies have demonstrated that both of

these processes can be performed in a

“cookbook” fashion with trained machinists

using menu-driven control software. The issue

now has more to do with developing the required

ion implantation recipes for specific applications

and modularizing current control software to

accept the new recipes.

6.1.4 IBP Technologies are Harmful, and

Difficult to Understand and Implement

Ion beam techniques are perceived by many to be

harmful, esoteric, and difficult to understand and

implement.  The images most conjured up by the

term “ions” or “ion beams” is one of nuclear

weapons, or a futuristic battlefield with soldiers

equipped with laser and ion beam weaponry that

burns holes through flesh or advanced armor, or

even of a space-based defense that utilizes

satellite based laser and ion beam weapons to

destroy incoming attacking missiles.  Preliminary

indications are that a Japanese firm that is

marketing IBP technologies worldwide for

automotive applications does not use the term

“ion beam” when describing its products and

services for the reason stated above.

Another image is of the lone researcher huddled

in his dark laboratory peering into a vacuum

chamber, constantly fiddling with knobs to get

just the right settings.

A corollary to this perception problem is the

issue many have with not being able to “see” an

implant.  With the more traditional techniques

such as electroplating or thermal spray, one can

see that something has happened to the part that

has been coated; the dimensions or the color of

the part has changed, or the part is slipperier to

the touch.  Companies that are in the ion

implantation business sometimes have to

convince customers or potential customers that

they have actually done something to the part

they have implanted.

The truth is more mundane.  On more than one

occasion, potential end-users of IBP technologies



1-1791.96
Sec_6.doc

69

indicated that they do not understand the science

of IBP technologies, and that they probably

couldn’t understand it.  If they couldn’t

understand it, there was little chance that they

would try to implement it for their specific

application.

6.1.5 Development of Low-Cost

Environmental Remediation Techniques for

Traditional Metal Surface Finishing

Techniques

Companies that provide traditional metal surface

finishing services understand the need to be more

diligent in remediating the hazardous waste from

pollution producing processes such as

electroplating.  Thus, these companies have

invested in the development of procedures and

technologies that make their operations less of an

environmental hazard.  In most cases, these

environmental technology fixes are much less

costly than implementing IBP technologies.  The

results are cadmium and chromium electroplating

plants that are essentially “zero-discharge.”  That

is, none of the heavy metal waste is released into

the municipal water supply or the environment.

The waste is either recycled in the plant itself, or

is collected in solid form with filters or other

devices, and then disposed in specially

designated hazardous waste landfills.

If the traditional lower cost metal surface

finishing service providers can continue to

provide their products in an environmentally safe

fashion, the environmental argument for using

IBP technologies becomes irrelevant.  End users

can continue to rely on the techniques that they

have always used, and that they both trust and

understand.  The marketing job of the IBP

technology service providers then becomes one

of making their case based upon the cost and

performance of their treatments alone.

6.1.6 Market Conservatism

The manufacturing industry in the United States

and Canada is conservative in outlook and is

often resistant to the introduction of new

methods, particularly high technology methods

such as ion implantation and IBAD.  This is

particularly true in the metal finishing industry

because of the number of other alternative

technologies that already exist and have already

been put into commercial practice (See Table 2-

1).  Many potential customers turn away from

IBP technologies even after successful

demonstrations as a result of other factors

discussed in this report, most predominantly

capital and operating costs.

There have been numerous unsuccessful attempts

to establish an IBP technology industry presence

in the U.S. since the early 1970’s.  Zymet, Ionic

Atlanta, Ion Surface Technologies and Omni

Implantation are all companies that have failed in

attempts to market IBP technologies for metal

surface finishing applications.  These companies

failed because they were unsuccessful in finding

appropriate applications for the IBP

technologies.  With the number of commercial

failures in this technology area, end users are



1-1791.96
Sec_6.doc

70

justifiably wary of becoming dependent upon the

technology to meet their requirements.

6.1.7 Production Priorities

For many companies who produce metal or steel

products, wear of tools or corrosion of

components is not necessarily the most important

production priority.  In some cases, such as the

hand tool industry, the improvement of these

properties will mean that companies may sell

fewer of their products because of the increased

life expectancy of the tools.

Highly competitive industries such as the hand

tool industry will be very reluctant to embrace

technologies that ultimately affect their number

one priority, which is selling more hand tools.  In

addition, these industries are often very sensitive

to changes in decorative properties, which may

be modified by ion implantation or IBAD.

6.1.8 Need for Specification Changes

Specifications for existing parts define the

characteristics, dimensions and tolerances.  If a

coating is used, such as an electroplated or a

thermal spray coating, the specifications will

fully designate the thickness of the coating.

Specifications may also stipulate the metal

surface finishing process to be used to treat the

part.  They may detail the exact electroplating or

CVD chemistries.

In any of the above cases, specifications would

have to be changed or waivers granted to use IBP

technologies or industry will have to develop a

commercial specification.  For instance, in an

analogy to the latter, the cadmium electroplating

industry is in the process of adopting a

commercial standard that will replace existing

military specifications.

Since the specification change process is long

and laborious, the adoption of a commercial IBP

technology standard will be the preferred course

of action under the current DoD Acquisition

Reform Initiative.  However, the adoption of a

commercial standard will still require extensive

and conclusive testing to prove the IBP

technologies viability for the specific application.

6.2 Technical Barriers

The following sections describe technical

barriers to the further commercialization of the

IBP technologies.

6.2.1 IBP Technologies are Line of Sight

Processes

Direct metal ion implantation and nitrogen ion

implantation, as well as IBAD, are line-of-sight

processes.  The surface being implanted has to be

in the line of the ion beam to be properly

implanted.  This limitation means that

workpieces need to be manipulated in some

manner during the implantation process, that the

ion beam needs to be rastered, or that multiple

ion sources need to be used so that all surfaces

are implanted.  In the case of the nitrogen ion

implanter located at CCAD, these manipulations
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are done with the use of a rotating platen.  These

manipulations or additional features add cost to

the process, particularly for large or heavy items.

PSII shows promise in overcoming this

limitation, but this technology is still in its

commercial infancy.

In addition, treating interior surfaces of tubes or

pipes is virtually impossible for ion implantation.

Even with PSII, it is difficult to treat interior

surfaces where the depth to diameter ratio is

greater than one.  There are many areas where

this is inadequate, such as the nozzles for water

jet cutters.

6.2.2 Size of Vacuum Chambers

The size of the present vacuum chambers limits

the capability for treating large parts,

components, and tool pieces, and also limits

batch sizes for small items.  The largest nitrogen

ion implantation system presently being used in a

production environment is the 6 feet long by 4

feet in diameter (1.8 meters long by 1.2 meters in

diameter) chamber at Corpus Christi Army Depot

(CCAD).  This system can simultaneously

process up to 500 tooling inserts of various

geometrical complexities and sizes in one batch.

The largest metal ion implantation system in

North America is a 6.5 feet long by 5 feet in

diameter (2 meters long by 1.5 meters in

diameter) system produced at ISM Technologies

in San Diego.  Preliminary indications are that

Russia may have a larger metal implantation

system in operation.

A 12 feet long by 6 feet in diameter (3.6 meters

by 1.8 meters) system is scheduled to be installed

by Implant Sciences Corporation at the National

Defense Center for Environmental Excellence

(NDCEE) in Johnstown, PA in the Fall of 1996.

This system is not being designed for long-term

large scale production, but rather to demonstrate

the environmental benefits of using ion

implantation and IBAD.

Most of the IBAD systems that exist in

government, industry, and university laboratories

are designed for sample sizes with diameter less

than 1.2 inches (30 mm).  These facilities are

able to perform depositions on a small scale for

limited batch sizes.  Many applications require

large areas to be coated.  Systems that can handle

workpieces with a 40 inch (1 meter) diameter

have been built.  Since non-optical applications

do not require strict film uniformity, very large

areas could be coated using existing equipment

by the routine manipulation of the workpieces.

6.2.3 Testing

The problem with testing parts that have been ion

implanted or have had IBAD coatings applied is

duplicating in the laboratory the conditions that

the actual components see in use.  In many cases,

it is extremely hard to even determine the

conditions.  Even if a particular wear

environment can be duplicated, realistic tests can

take years to run, particularly for mild wear

applications.  Thus, improvements in testing

methods are needed before the ion implantation

process can be accepted for many applications.



1-1791.96
Sec_6.doc

72

6.2.4 Implantation Non-uniformity

The effectiveness of ion implantation is

dependent upon the angle at which the ion beam

impinges on the surface being implanted.  The

optimum implantation angle is 90 degrees, or

normal to the workpiece.  If a part has a

particularly complex geometry, the implanted

ions may not be a uniform dosage throughout the

workpiece.  Some ions may be implanted at one

depth; others at another depth.  This is

particularly important for flight critical aerospace

applications and for medical applications

because the non-uniformities will cause uneven

wear and potential failure of an item.  This

problem is not as important for steels implanted

with nitrogen, but is believed to be critical for

other materials such as stainless steels and

titanium alloys.

6.2.5 Shallow Penetration Depth

As has been mentioned, ion implantation is a

surface modification technique; it does not affect

properties of the substrate material.  As such, it

only affects properties to a very shallow

penetration depth.  In the case of nitrogen ion

implantation, the implantation zone (see Section

5.1.4) depth is typically less than 0.2 microns.

The effect of this shallow penetration depth is

that nitrogen implantation can only overcome

“mild” wear phenomena as opposed to “severe”

wear phenomena.  The severity of the wear will

depend upon the application and the operational

environment.

6.2.6 Optimum Ion Implantation

Parameters

There is still a large area to be explored in regard

to optimum ion implantation parameters,

including ion species, ion energy, implantation

dose and ion current density.  Most research on

ion implantation has been done at parameters that

reflect the available equipment, not the optimum

parameter range or a specific application.  For

instance, a significant amount of work has

involved ion implantation with beam energies in

the million electron volt range.  While the results

have been quite good, the energy is too high for

production work.

New equipment is now available, such as the

MEVVA metal ion implantation systems, and

new processes, such as PSII, that open new areas

for exploration with excellent prospects for

production.  Analysis needs to be done of their

applicability, and appropriate specifications

written such that a designer needs only to call out

a process, rather than spelling out the details of

the implantation.

6.2.7 Implantation Mechanisms

There is a great deal of disagreement among IBP

researchers regarding the mechanism by which

ion implantation increases the wear resistance of

materials.  This is partly because the mechanism

is not the same for all wear systems.  It is also

because testing is extremely difficult (as

mentioned above), particularly in mild wear

applications.  Improvements in this area could

lead to more information on the mechanisms, and

extend applications much further.
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7.0 Conclusions

This section presents conclusions based on

information gathered throughout this study effort

and based upon the information presented in the

preceding sections of the report.  The

conclusions are based on observations of the

current technical and business environment

associated with the IBP technologies.

7.1 Ion Implantation is a Mature,

Environmentally Safe Process

Mass-analyzed ion implantation has been used

for more than 30 years in the semiconductor

electronics industry.  It is the only process

capable of providing the pure dopants required

for semiconductor processing in a precise and

controllable fashion.  The technique is used

throughout the world for both basic research and

production scale batch processing, and does not

produce any toxic emissions.

Direct ion implantation of nitrogen and metals

are less matured technologies than mass-analyzed

ion implantation (MAII).  They are also simpler,

since neither technique requires the analyzing

magnets that are critical for the precise control of

MAII systems.  Direct ion implantation of

nitrogen and metal technologies are also now

used worldwide to improve the wear and

corrosion performance of many metal and steel

components.

7.2 Plasma Source Ion Implantation and

IBAD Require Additional Study and

Demonstration

PSII and IBAD can potentially overcome many

of the limitations that are inherent in mass-

analyzed and direct ion implantation.  As

examples, PSII can overcome the line-of-sight

processing limitation, and IBAD can overcome

the build up of surface dimensions limitation..

However, both of these technologies lack

commercial maturity.

PSII had its genesis in the nuclear fusion

program.  The characteristic high beam fluences

promise very high throughputs but also present

critical safety issues.  PSII systems require

shielding against x-rays, and operators must be

trained to recognize and mitigate the charge

build-up on pieces being treated.

IBAD was developed as a means to overcome the

penetration depth technical limitation inherent in

ion implantation.  The technique is perhaps 5 to 7

years behind ion implantation in terms of

maturity in the metal surface finishing area.

However, it has already become a standard

technique for depositing optical thin films on

optical lenses and mirrors.

7.3 IBP Technologies Have Not Achieved

Wide Acceptance for Metal Surface Finishing

Applications in North America

Unlike the semiconductor industry, which is

exclusively dependent on ion implantation to
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provide the required performance properties, the

metal surface finishing industry is characterized

by a wide assortment of commercially proven

technologies (See Table 2-1).  The IBP

technologies are faced with much stiffer

competition in the metal surface finishing sector

as opposed to the semiconductor sector.  The

pool of potential metal finishing applications is

large, but the number of metal finishing

techniques is also large.  Therefore, none of

metal finishing techniques has a predominant

market share.

Presently, the only sizable market penetration for

IBP technologies in North America has been in

the medical sector.  This sector is characterized

by a willingness to pay a premium for high

performance surface treatments.  Other markets

shy away from IBP technologies because of cost

concerns, the mechanisms for IBP technologies

effectiveness is not well understood, and other

concerns both market and technology oriented

such the barriers described in Section 6.0.

In the U.S. marketplace, some customers are

wary of ion implantation technology because the

mechanisms responsible for its effectiveness are

not well understood.  This may be one of the

reasons that ion implantation has not been widely

accepted in the U.S.

7.4 Direct Ion Implantation of Nitrogen

and Metal Ions are Technologies that are

Ready NOW for Metal Surface Finishing

Applications

CCAD, SwRI, Beamalloy, Implant Sciences,

ISM and Spire have all successfully

demonstrated nitrogen and metal ion

implantation for numerous applications such as

aerospace bearings and automotive pistons.  Easy

to use, menu driven control software has also

been developed for these technologies that

enables standard machinists to operate the

equipment.  These technologies are ready to

compete with the other commercially accepted

metal surface finishing techniques.

7.5 Far Eastern, Russian and European

Markets are Currently the Most Viable

Markets for IBP Technologies

Japan, Russia and the European countries have

been more aggressive in embracing the IBP

technologies, either for environmental reasons or

because they recognize the long-term potential of

the techniques.

Many of these countries, particularly Japan,

make substantial initial investments to foster

emerging technologies that have wide future

applicability.  This reflects a philosophical

difference with the way U.S. and Canada

typically approach emerging technologies, where

both government and industry expect relatively

rapid return on any technology investment.  The

Japanese government and industry have made a

commitment to develop IBP technologies, as

evidenced by the AMMTRA Program and the

increasing use of the technologies by the

Japanese automakers.
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7.6 The Financial Investment for IBP

Technologies is Presently Considerable and

Risky

In the highly competitive metal surface finishing

sector, any investment made by a company into

relatively complex and expensive technologies

such as the IBP technologies represents an

enormous risk.  In particular, when the

technology does not presently have a sizable

existing market or a demonstrated potential to

capture a sizable market.

When measuring the risk, the IBP technologies

need to be evaluated within the perspective of the

overall metal surface finishing sector.  In

particular, their market potential needs to be

measured against the assessed needs of end users

and the capabilities and limitations of the

numerous other metal finishing alternative

techniques.
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8.0 RECOMMENDATIONS

This section presents recommendations to the

DOD and Canadian DND.  These

recommendations are designed to overcome the

market and technical barriers discussed in

Section 6.0, and address appropriate conclusions

presented in Section 7.0.

The recommendations define specific actions that

could be undertaken to foster the advancement

and successful incorporation of IBP

technologies, and ensure the dual-use of these

technologies within the North American

commercial and defense industrial bases.

8.1 Develop Additional IBP Metal

Surface Finishing Capabilities within the

DOD and DND Sustainment Communities

The IBP metal surface finishing capability

developed at CCAD has demonstrated the utility

of the technologies within the U.S. Army

community for a specific set of defense

applications as it relates to aviation components

and shop tools.  The time is appropriate to

consider expanding both the defense using

community and the breadth of applications.  The

DoD and DND Sustainment Communities

provide excellent potential proving grounds for

this expansion.

As a first step, take advantage of the fact that the

IBP technologies are environmentally clean

technologies.  DOD and DND could selectively

target those depots and logistics centers that

presently perform pollution producing processes

such as cadmium and chromium electroplating

and educate key personnel at the sites on the

benefits of the IBP technologies, and promote the

technologies for appropriate applications.

Depending upon the interest shown and the

potential applications identified, an additional

depot or logistics center could be chosen to have

an implanter installed to demonstrate a wider

range of applications.  Depending upon the

targeted applications, DOD and DND could

select to fund the acquisition and installation of

different types of equipment such as direct

nitrogen implanters, direct metal implanters, PSII

implanters, or IBAD systems at different sites.

One should note that this approach is similar to

Japan’s AMMTRA Initiative described in

Section 3.4 of this report.

In addition to increasing the user community and

expanding the breadth of applications, this

recommendation has other benefits.  First, the

expectation is that proven and publicized defense

applications will translate to generally wider

acceptance of the technologies in commercial

application areas.  The wider acceptance will

itself translate to a larger and more stable market

base for companies, leading to a less riskier

investment climate for the IBP technologies.  In

effect, the depots and the logistics centers would

be sharing the financial and technical risk burden

with the companies willing to invest in the

technologies.  Second, the process of educating

more people of the benefits of the IBP

technologies will assist in forming more realistic

perceptions of the technologies.
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8.2 Develop a Near-Term IBP

Technology Insertion Program

A widely applicable, high volume or high payoff,

near-term dual use success of IBP technologies

would produce an enormous benefit.  Cost

reductions resulting from economy of scale

would be widely demonstrated and the IBP

technologies would gain wider acceptance. DoD

and DND might consider investing in a

developmental application that is widely

applicable and has high potential payoff.

Since PSII and IBAD are currently less matured

technologies, an application should be targeted

for which either nitrogen or MEVVA-based

metal ion implantation is appropriate.  Wear

applications in the automotive industry are one

potential application area.  High temperature and

corrosive applications in the aerospace industry

are other potential areas that meet the criteria.

The first step in the program should be a

thorough survey of the pressing wear and

corrosion problems in the two industries.  This

should be accomplished in conjunction with both

the end users and the IBP technology equipment

and service providers.  Inclusion of both parties

will ensure that all issues are fully addressed and

understood, and will also foster an environment

for sharing data and information.

Once an application is chosen, the defense and

industry partners should together develop a

technology insertion plan, and agree upon

measurable surface treatment cost and

performance goals and objectives.  The intent

would be to have quantified cost and

performance measures at the completion of the

effort that can be compared against the

traditional surface finishing method or methods

such as those found in Table 2-1, being used for

the application.

8.3 Ensure Adequate Funding and

Management Oversight of IBP R&D Efforts

to Overcome Technical Barriers

The U.S. Army’s ARL has two existing Basic

Science programs and two Exploratory

Development programs whose scope includes

investigation of the basic science and

applicability of the IBP technologies.  The U.S.

Navy’s NRL has an existing MANTECH

program with similar scope.

DoD and DND could ensure adequate funding

for the IBP R&D efforts to understand the gaps

in knowledge associated with the technologies’

basic scientific mechanisms.  A better

understanding of the basic wear or corrosion

mechanisms will lead to an expansion in the

applicability of the IBP technologies.  Also more

needs to be done to encourage other DoD

components and DND participation and support

in R&D IBP activities.

8.4 Sponsor Education Activities

NATIBO should continue to support activities

such as technical workshops, forums, and

conferences designed to educate and inform a
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wide audience about the benefits, successes, and

ongoing R&D and production demonstration

efforts related to the IBP technologies.  This will

assist the IBP technologies in gaining wider

commercial and defense acceptance, thereby

increasing the potential for dual-use.

At the time of the publication of this report, one

such NATIBO-sponsored workshop has already

occurred in May 1996 at CCAD.  In addition, the

U.S. Army and Navy have sponsored four

workshops at NDCEE in Johnstown, PA related

to environmentally safe alternatives to cadmium

and chromium electroplating.  The NDCEE

workshops have proven to be successful and

informative, and have had the effect of focusing

both government and industry efforts on this

these environmental problems.

8.5 Organize a Multilateral, Multiservice

IBP Technology Working Group With DOD

and DND Co-Chairs

The IBP technology community is already

characterized by very good communications

among the researchers and the service providers.

There is also a fair amount of joint government

activities.  The installation and operation of a

nitrogen implanter at CCAD, installation of a

new, large implanter at NDCEE, the cadmium

and chromium electroplating workshops at

NDCEE, and DOE technology transfer activities

are examples of these joint activities.  NATIBO

can further assist these efforts by helping to

organize a working group consisting of

government, industry and academia researchers

and service providers from around the world.

The objective will be to collect and disseminate

both market and technical related information

regarding IBP technologies, and to coordinate

the education activities developed in the previous

recommendation.

8.6 Collaborate with a Professional or

Technical Organization or Both to Explore

Possible Commercial IBP Technology

Standard Development

Initially, NATIBO could contact an organization

such as the American Society of Testing

Methodologies (ASTM) or the American Society

of Materials (ASM) to ascertain the possible

development of an IBP commercial standard.

Assuming a positive response, NATIBO could

then work jointly with DoD and DND

components and the associations to develop such

a standard.  The methodology could include the

development of an implementation strategy and a

common test protocol to validate IBP

technologies against the existing metal finishing

techniques.

8.7 Develop an Outreach Program to

Specifically Educate and Inform Small

Businesses

NATIBO, in coordination with DoD’s and

DND’s Small Business Programs, could sponsor

IBP technology workshops for small business

firms providing electroplating services.  The

objective would be to educate small businesses
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on the benefits of IBP technologies, and assist

them expand their current business base thereby

maintaining their competitive posture and

remaining viable sources of metal finishing

services to North American commercial and

defense industrial bases.

8.8 Establish Memoranda of

Understanding (MoUs) with Foreign

Countries

NATIBO could establish MoUs with foreign

countries such as those identified in Section 3.4

of this report with the intent of fostering the joint

evolution and acceptance of IBP technology.

8.9 Collect and Validate Cost Data

NATIBO could establish a program to collect

and extensively validate the capital, operating,

and maintenance costs associated with the use of

IBP technologies.  The data will serve to validate

potential cost savings associated with the

adoption of IBP technologies.  This activity

could be initiated at one of the depots or logistic

centers that make up the DoD and DND

Sustainment Communities

In addition, NATIBO could explore the

applicability of Activity Based Accounting

practices to better understand the costs associated

with IBP technologies.  NATIBO could contact

one of the North American “Big Seven”

accounting firms to assist in this analysis.
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Appendix A
Acronyms

AESF American Electroplaters and Surface Finishers Society
Al Aluminum
ALC Air Logistics Center
AMMTRA Advanced Material Processing and Machining Technology Research Association
ARDEC U.S. Army Armaments Research Development and Engineering Center
ARL U.S. Army Research Laboratory
ARPA Advanced Research Projects Agency
AVIS Advanced Vacuum-Arc Ion Source
AVSCOM U.S. Army Aviation Systems Command

B Boron
Be Beryllium
BIRL Basic Industrial Research Laboratory (Northwestern University)

C Carbon
Ca Cadmium
Ce Cerium
CAAA Clean Air Act Amendments of 1990
CCAD Corpus Christi Army Depot
CFC Cloroflourocarbon
Co Cobalt
Cr Chromium
CRADA Cooperative Research and Development Agreement
CTC Concurrent Technologies Corporation
Cu Copper
CVD Chemical Vapor Deposition
CWA Clean Water Act

DII Direct Ion Implantation
DLC Diamond-Like Carbon
DND Canadian Department of National Defence
DOD U.S. Department of Defense
DOE U.S. Department of Energy

ECR Electron Cyclotron Resonance
EM Electro-Magnetic
EPA Environmental Protection Agency
EPRI Electric Power Research Institute

FDA Food and Drug Administration
Fe Iron

GM General Motors

H-I Hyper Ion
HHFF High Heat Flux Facility
HPTF High Power Test Facility
HRL Hughes Research Laboratory
HVOF High Velocity Oxygen Fuel
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IAZ Implantation-Affected Zone
IBAD Ion Beam Assisted Deposition
IBIS Inner Bore Ion Source
IBP Ion Beam Processing
INRS Institut National de la Recherche Scientifique
ISC Implant Sciences Corporation
IVD-Al Ion Vapor Deposited Aluminum

LANL Los Alamos National Laboratory
LBL Lawrence Berkeley Laboratory
LLNL Lawrence Livermore National Laboratory

mA milliampere
MAII Mass Analyzed Ion Implantation
MANTECH Manufacturing Technology
MeV Million Electron-Volts
MEVVA Metal Vapor Vacuum Arc
Mg Magnesium
MII Metal Ion Implantation
MIP Multiple Ion Source Production Implantation System
Mo Molybdenum
MP&M Metal Products and Machinery
MPIID Metal Plasma Immersion Ion Implantation and Deposition

NAMF National Association of Metal Finishers
NASA National Aeronautics and Space Administration
NATIBO North American Technology and Industrial Base Organization
Nb Niobium
NDCEE National Defense Center for Environmental Excellence
Ni Nickel
NIH National Institutes of Health
NII Nitrogen Ion Implantation
NRL Naval Research Laboratory
NSF National Science Foundation

O Oxygen
ODC Ozone Depleting Chemical
OEM Original Equipment Manufacturer
ORNL Oak Ridge National Laboratory
OSHA Occupational Health and Safety Administration

Pd Palladium
PEL Permissible Exposure Limit
PMD Plasma Material Deposition
PSII Plasma Source Ion Implantation
Pt Platinum
PVD Physical Vapor Deposition

R&D Research and Development
RAMP Regionally Advanced Manufacturing Program
RAS Russian Academy of Sciences
RCRA Resource Conservation and Recovery Act
Re Rhenium
RF Radio Frequency
RFQ Radio Frequency Quadrapole
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SBIR Small Business Innovative Research
SwRI Southwest Research Institute

Ta Tantalum
Th Thorium
Ti Titanium

UK United Kingdom
USARO U.S. Army Research Office
UW University of Wisconsin

VOC Volatile Organic Compound

W Tungsten

Y Yttrium

Zn Zinc
Zr Zirconium
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311 Zaki, Nabil Zinc-Nickel Alloy Plating Metal Finishing Jun-89
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Chemical Technology: An Encyclopedic Treatment, Barnes & 
Noble, Volume I, Section 14.7 1968

313 Chromium Compounds
Chemical Technology: An Encyclopedic Treatment, Barnes & 
Noble, Volume I, Section 14.16 1968

314 Cobalt Compounds
Chemical Technology: An Encyclopedic Treatment, Barnes & 
Noble, Volume I, Section 14.11 1968

315 Compounds of Chromium Molybdenum and Tungsten
Chemical Technology: An Encyclopedic Treatment, Barnes & 
Noble, Volume I, Section 14.15 1968

316
Conference Announcement and Speaker List: Nano-
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317 Corrosion of Metals
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Appendix C - Points of Contact

In accordance with the newly implemented OSD website security procedures, information regarding Points of Contact has been
removed. In you need point of contact information, send an Email to AMSAA-NATIBO@ria.army.mil. Provide your name,
organization, and phone number. A NATIBO representative will contact you with a response to your specific request.
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Appendix D
IBP International Industry Demographics

The following table illustrates, by country, some of the major players throughout the world who are
involved in ion beam processing technologies and their particular areas of research.  This list should not be
considered all-inclusive, but rather demonstrates the number of international players who are pursuing
advances in this technology.

Institution Area of Study

Japan
Osaka National Research Institute Analysis of hydrogen permeation properties of TiN/TiC

films deposited on martensitic steel; ion beam deposition
with positive and negative ions

Kobe Steel Ltd., Material Research
Laboratory

Improvement of corrosion resistance of titanium alloys be
double ion implantation

Saiama Institute of Technology Rutile and zirconia formation by oxygen direct ion
implantation into sheet and thin film materials composed of
Ti and Zr

Advanced Technology Ind. Rutile and zirconia formation by oxygen direct ion
implantation into sheet and thin film materials composed of
Ti and Zr

Institute of Physical and Chemical Research Rutile and zirconia formation by oxygen direct ion
implantation into sheet and thin film materials composed of
Ti and Zr

Kyoto University/Mitsubishi Ion cluster beam technology
AIST(ONRI) Ion beam deposition with positive and negative ions
Matushita E. I. Co. Operates a PSII system
Panasonic Matushita Uses IBAD to surface coat their wet dry razor blades
Kobe Steel Major manufacturer of PVD  coating systems in Japan,

markets ion beam implantation technologies and sells ISM
equipment in Japan

China
Ion Beam Lab, Shanghai Institute of
Metallurgy

Ion beam research and applications

Dalian University Operates a PSII system; Monte Carlo simulation of energy
and angle distributions of ions striking the spherical target
in PSII

Textile University Operates a PSII system
Southwest Institute of Physics Operates a PSII system
Harbin Institute of Technology Operates a PSII system; structure and wear behavior of

nitrogen-implanted  aluminum alloys
Shanghai University Conducts IBAD research
Lanzhou University Operates an intense beam surface treatment system
Beijing Normal Operates several metal ion implantation systems
CCAST World Laboratory Monte Carlo simulation of energy and angle distributions of

ions striking the spherical target in PSII
Korea
Korea Atomics Energy Research Institute Triple beam implanter for industrial applications
KIST Operates a PSII system
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Institution Area of Study

India
University of Bombay, Department of
Physics

Adhesion improvement of diamond and other films on
various substrates by MeV ion irradiation

RSIC, Indian Institute of Technology Adhesion improvement of diamond and other films on
various substrates by MeV ion irradiation

Bhabha Atomick Res. Centre, Metallurgy
Division

Adhesion improvement of diamond and other films on
various substrates by MeV ion irradiation

Nuclear Science Centre Adhesion improvement of diamond and other films on
various substrates by MeV ion irradiation

University of Poona, Department of Physics Adhesion improvement of diamond and other films on
various substrates by MeV ion irradiation

IPR Operates a PSII system
Russia
Moscow State Aircraft Institute Choice of ions and optimal modes of ion implantation of

metals and alloys
State Aircraft Technical University Modification of construction material surface by ions with

low energy
State University, Omsk, and Polytechnical
University, Tomsk

Influence of ion beam treatment modes on hard alloys wear
resistance

Republic Engineering Technical Center Experience of ion implantation application for hardening of
details and tools in different branches of industry

Institute of Technical Chemistry, Perm, and
Institute of Electrophysics, Ekaterinburg

Treatment of low density polyethylene by nitrogen ion
beams

Institute of Electrophysics, Ekaterinburg,
and Institute of Aircraft Materials, Moscow

Physical-chemical properties of hard alloys after ion
implantation

Aircraft Technical University Improving properties of weld joints by ion implantation
Byelorussian State University, Minsk Modification of mechanical properties of steel as a result of

double implantation
Institute of Applied Physical Problems,
Minsk, and Kurchatov Institute, Moscow

Tribological properties of steel after intense pulse
bombardment

Polytechnical Institute, Kharkov Effect of nitrogen ion irradiation and following annealing
on structure and physical-chemical properties

Polytechnical Institute and Steel Rolled
Stock Plant, Orel

Modification of cold-upsetting tools by powerful carbon ion
beam and  by nitrogen ion implantation

Institute of Electrophysics and Institute of
Metal Physics

Increasing stainless steel hardness by high-temperature
carbon ion implantation

State University, Omsk Surface modification of hard alloys by combined ion beams
Institute of Electrophysics and Institute of
Metal Physics

Combination  of ion implantation and diamond-like coating
deposition for surface hardening of metals

Republic Engineering Technical Center,
Tomsk

Influence of ion implantation on adhesion of metal coating
deposited on polymer materials

Electrotechnical Institute of Connection,
Tashkent

Modification of structure and properties of metal and
insulator coatings by ion irradiation

Electrotechnical Institute of Connection,
Tashkent

Ion beam modification of parameters of structures like steel-
polymer coating

Tsiolkovski State Aircraft Technical
University

Tribological behavior of chromium steel implanted by
nitrogen

Tashkent Electrochemical Connection
Institute, Institute of Electronics, Uzbek
Academy of Sciences

Hardening mechanisms of surface and subsurface layers of
ion implanted metals

Institute of Electronics, Uzbek Academy of Microstructure and mechanical property modification in
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Institution Area of Study

Science metals and alloys by ion implantation
Institute of Applied Physical Problems,
Minsk

Formation of nitride phases in metals under intense ion
implantation

Kurchatov Institute of Atomic Energy,
Moscow and Kharkov Polytechnical
Institute

Influence of ion implantation on the character of solid alloy
wear

Institute of Material Resource Problem,
Kiev, and Physical Institute, Moscow

Investigation of action of mean-energy nitrogen-ion beam
onto the surface of composites

Physical and Technical Institute, Minsk Ion beam implantation and friction properties of metals and
alloys

Mogilev Department of Institute of Physics,
Byelorussian Academy of Sciences

Transformation of structural and optical properties of
polymers under ion bombardment

Aircraft Institute, Likhachev Plant, Baykov
Institute of Metallurgy, Kurchatov Institute
of Atomic Energy, Moscow

Study of properties of steel surfaces after ion implantation

Kurchatov Institute of Atomic Energy,
Moscow

Mechanisms of alteration of deep layers  of a solid under
ion bombardment

Russian Scientific Center “Kurchatov
Institute”, Moscow and Special Design
Bureau, Ekaterinburg

Wear resistance increasing of hard alloy cutting tools by ion
implantation

Byelorussian State University, Minsk High pressure regions in superhard materials implanted by
high energy ions

Institute of Electronics, Uzbek Academy of
Sciences, Tashkent

Nature of metals and steels surface hardening as a result of
ion treatment

Institute of Organic Compositions, Moscow Ion sputtering of copper to coat polyimide surface
Central Design Technological Bureau and
Institute of Electronics, Uzbek Academy of
Sciences, Tashkent

Modification of polymer surface properties by ion
implantation.

Institute of Chemistry of Surface, Kiev Optical absorption edge and a mean order in polypropylene
modified by ion implantation

Institute of Chemistry of Surface, Kiev Relationship between the structure and optical properties of
polypropylene modified by implantation of fluorine ions

Institute of Chemistry of Surface, Kiev EPA Spectra of implanted polypropylene
Ioffe Physical-Technical Institute, S.
Petersburg

Inversion of conductivity type in polyimide films implanted
by ions

Kuznetsov Siberian Physical Technical
Institute, Tomsk

Principles of phase-structural transformations in metallic
alloys under high-dose ion implantation

Institute of Nuclear  Physics, Tomsk Non-traditional methods of  pulse-periodic ion-beam and
plasma-ion treatment of materials

Institute of Chemistry of Surface, Kiev Increasing of polymer electroconductivity caused by
molecular ion implantation

Byelorrusion State University, Minsk Ion implantation of polymer films
Institute of Strength Physics and Materials
Science of RAS

Mechanisms of long range effect in metals and alloys by ion
implantation

Tomsk State Academy of Architecture and
Building

Mechanisms of long range effect in metals and alloys by ion
implantation

Russian Academy of Sciences Mechanisms of long range effect in metals and alloys by ion
implantation

MAI High power ion beam treatment application for properties
modification of refractory alloys

VIAM High power ion beam treatment application for properties
modification of refractory alloys
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Institution Area of Study

Nuclear Physics Institute High power ion beam treatment application for properties
modification of refractory alloys

Moscow Aviation Institute Surface modification of superalloys and heat resistant steels
by irradiation of low and high energy ion beams

High Current Electronics Institute Vacuum arc sources
Belarus
Byelorussian State University Industrial applications of ion implantation
BSPA Minsk Operates a PSII system
Poland
Soltan Institute for Nuclear Studies Use of metallic plasma pulses in formation of thin  coatings

on melted surfaces of substrates
UK
AEA Technology Evaluation of mechanical test methods for coatings, thin

films and ion implanted surfaces; mechanical properties of
steel using low energy, high temperature nitrogen ion
implantation

RCSE, University of Hull Evaluation of mechanical test methods for coatings, thin
films and ion implanted surfaces

School of Materials, University Newcastle-
upon-Tyne

Evaluation of mechanical test methods for coatings, thin
films and ion implanted surfaces

School of Industrial and Manufacturing
Science, Cranfield University

Evaluation of mechanical test methods for coatings, thin
films and ion implanted surfaces

Imperial College Industrial awareness and applications of ion implantation as
an effective surface treatment

University of Surrey Operates a PSII system
University of Birmingham Significance of nitrogen mass transfer mechanism on the

nitriding behavior of austenitic stainless steel
Culham Laboratory
Tech-ni-plant Involved in nitrogen implantation into chrome plated plastic

molds using systems made by TecVac
TecVac Manufactures direct nitrogen ion implantation systems.

Offer two systems for sale:  the Tecvac 221, with an output
of three milliamperes (mA) and one with an output of 45
mA, based on a magnetic "bucket" design.

Whickham Ion Beam Systems Ltd. Produce beamline systems that can generate up to 10
milliamperes of nitrogen, 6 milliamperes of chromium and
lesser amounts of other metals

France
Lab de Metallurgie Physique, Univ Poiters Texture of IBAD  thin TiN films in dependence on the ion

beam intensity and angle of incidence
Institute de Physique Nucleaire de Lyon,
University

Study of BN formation by dual implantation of boron and
nitrogen in bearing steel

Institute de Recherche sur la Catlysa CNRS Study of BN formation by dual implantation of boron and
nitrogen in bearing steel

TURBOMECA High power ion beam treatment application for properties
modification of refractory alloys

SEP Surface modification of superalloys and heat resistant steels
by irradiation of low and high energy ion beams

Lab de Metalurgie Physique URA 131
CNRS, Univ Poitiers

Characterization and wear behaviour of SiC coatings
prepared by ion beam assisted deposition

Spain
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Institution Area of Study

INASMET Organization, in San Sebastian Changes in tribological properties of stainless steel after ion
implantation of carbon at very high doses

Department de Fiscia de Materiales,
University Pais Vasco

Electronic stopping of slow ion in solids

ICM, Dpto, Fisica Aplicada C-XII, Univ.
Autonoma de Madrid

Zr-BN multilayers obtained by ion assisted sputtering; depth
profile characterization

UTRC-MSTE Changes in tribological properties of stainless steel after ion
implantation of carbon at very high doses

AIN Industrial awareness and applications of ion implantation as
an effective surface treatment

CNPlasma
Portugal
ITN Dept. Fisica Formation of Al3Cr2 intermetallic phase by Cr ion

implantation
FCUL Department Formation of Al3Cr2 intermetallic phase by Cr ion

implantation
DFNUL Formation of Al3Cr2 intermetallic phase by Cr ion

implantation
National Institute for Industrial Technology
and Engineering

Ion beam mixing of chromium or zirconium films with
sapphire

University of Lisbon Ion beam mixing of chromium or zirconium films with
sapphire

Italy
Dipt. Ingegneria Nucleare, Politecnicao di
Milano

Phase formation and amorphization processes

Dipt. di Fiscia, Univ. Trento and INFM Metal-ceramic ion-beam mixing; analysis of hydrogen
permeation properties of TiN/TiC films deposited on
martensitic steel

CMBM Ins. Trentino di Cultural Analysis of hydrogen permeation properties of TiN/TiC
films deposited on martensitic steel

ENEA, Fusion Sector CRE Brasimone Analysis of hydrogen permeation properties of TiN/TiC
films deposited on martensitic steel

Institute for Advanced Materials, Ispra ,
Joint Research Centre

Influence of Yttrium ion implantation on the oxidation
behaviour of PM  chromium

Denmark
Institue of Physics and Astronomy, Aarhus
University

Ion bombardment of nanoparticle coatings

DANFYSIK A/S Produce beamline systems that can generate up to 10
milliamperes of nitrogen, 6 milliamperes of chromium and
lesser amounts of other metals

Danish Technological Insitute Ion implanters  for surface modification of metals
Tribology Centre, DTI Ion implantation implementation
Netherlands
Dept. of Atomic and Interface Physics,
Utrecht University

Nitrogen diffusion during implantation in nickel/iron
bilayers

Finland
VTT Manufacturing Technology Barometer of plasma and ion assisted surface modification

methods
VTT Electronics Barometer of plasma and ion assisted surface modification

methods
Sweden
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Institution Area of Study

Ins. of Technology, Uppsala Univ. Re-sputtering effects during ion beam assisted deposition
Belgium
Department of Metallurgy and Materials
Engineering (MTM)

Carbonaceous surface layers deposited on TiN coatings by
ion implantation

Institute for Nuclear and Radiation Physics
(IKS)

Carbonaceous surface layers deposited on TiN coatings by
ion implantation

Germany
University of Heidelberg Ion bombardment research for corrosion studies; texture of

IBAD thin TiN films in dependence on the ion beam
intensity and angle of incidence

Ins. for Physikalische Chemie and
Elektrochemie, University Heinrick, Heine

Electrochemical and surface analytical characterization of
radiation effect after N2 implantation into Al and Al2O2

Forschungszentrum Julich Texture of IBAD  thin TiN films in dependence on the ion
beam intensity and angle of incidence; electrochemical and
surface analytical characterization of radiation effect after
N2 implantation into Al and Al2O2

Fraunhofer Ins. fur Festkorpertchnologie Texture of IBAD  thin TiN films in dependence on the ion
beam intensity and angle of incidence

Physikalisch-Chemisches Ins., University of
Heidelberg

Texture of IBAD  thin TiN films in dependence on the ion
beam intensity and angle of incidence

University Augsburg, Ins. for Physik Ion beam assisted deposition of superhard materials
Technical University, Dresden, Institute of
Analytical Chemistry

Post-treatment of amorphous carbon films with high energy
ions

RCR Operates a PSII system
I A Physics Operates a PSII system
Institute Nuclear and Solid State Physics
Research Center Rossendorf Inc. 50 kV pulse generator for plasma source ion implantation;

PSII of oxygen and nitrogen in aluminum
Puls-Plasmatechnik GmbH 50 kV pulse generator for plasma source ion implantation
South Africa
Physic Department, University of Pretoria Damage ranges in metals after ion implantation
AEC South Africa Operates a PSII system
University of Natal Operates a PSII system; calculated the ion-matrix sheath

around a square bar; modeling of a plasma consisting of two
species of cold collisionless ion fluids for PSII

Material Technology, Atomic Energy
Corporation of South Africa

Nitrogen profiles of high dose, high temperature PSII
treated austenitic stainless steel

Brazil
Institute de Fisca, UFRGS Low temperature nitride phase transformation induced by

ion beams
USA
University of Tennessee Operates a PSII system; ion beam mixing of chromium or

zirconium films with sapphire; enhanced pitting corrosion
resistance of 304L stainless steel by PII

Institute for Materials Science, George
Washington University

Interface mixing of energetic metals deposited on metals

Colorado State University, Department of
Mechanical Engineering

High-current density, broad -beam, metal-ion implantation
for tribological applications

Colorado School of Mines, Physics
Department

High-current density, broad -beam, metal-ion implantation
for tribological applications

Northeastern University Operates a PSII system; plasma immersion ion implantation
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Institution Area of Study

doping experiments for microelectronics
Highlands University Operates a PSII system
Plasma Assisted Materials Processing
Laboratory, Department of Electrical
Engineering and Computer Sciences,
University of California

Analytical modeling of plasma immersion ion implantation
target current

Applied Physics Department, Cornell
University

Magnetic insulation of secondary electrons in plasma source
ion implantation; ion-beam-induced densification of sol-gel
ceramic thin films

Department of Physics, West Virginia
University

Calculated the ion-matrix sheath around a square bar;
modeling of a plasma consisting of two species of cold
collisionless ion fluids for PSII

Arizona State University Ion-beam-induced densification of sol-gel ceramic thin
films

Canada
Physics Department, Queens University Mixing and corrosion in Ni implanted with Pt through a

sacrificial layer of alumina
Australia
Department of Electronic Materials
Engineering, Australian National University

Mixing and corrosion in Ni implanted with Pt through a
sacrificial layer of alumina

Australian Nuclear Science and Technology
Organization

Operates a PSII system; surface mechanical properties of
PI3  treated samples by instrumented indentation;
measurements of potentials and sheath formation in plasma
imersion ion implantation; significance of nitrogen mass
transfer mechanism on the nitriding behavior of austenitic
stainless steel

Department of Materials Engineering,
University of Wollongong

Titanium aluminide formation in Ti implanted aluminum
alloy; significance of nitrogen mass transfer mechanism on
the nitriding behavior of austenitic stainless steel
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Appendix E
Successful IBP Technology Demonstrations

E.1 Nitrogen Ion Implantation Successful Demonstrations

Application
Area

Tool Material Application Lifetime
Increase

Additional Benefits

Cutting Tools WC/Co Rubber Slitting Knives 12x Friction Reduced 30%
WC/Co Sheet Steel Chopper Blades 3x Reduced Chipping
4% Ni, 1% Cr
Steel

Tool Inserts 2x Reduced Tool
Corrosion

M2 Tobacco Knives 4x Improvement Remains
After Sharpening

H13 Steel Guillotine Blades For Ti Rod 2x Reduced Build-Up at
Edge

M2 9mm Reamer For Steel 6x High Tolerance
Maintained

M2 Pilot Pins; .002 in. 302
Stainless Steel

5x

440C Stainless
Steel

Retainers; Hydraulic Pump
Parts For Light Aircraft

Abrasive Wear
Greatly Reduced

Chrome Plate
(M2)

Taps; Tapping Cold-Rolled
Steel (Garden Hose
Couplings)

8x

Chrome Plate
(S7)

Unscrewing Cores; Injection
Molding Bottle Caps

> 3x Wear From Rubber
Water Seals Reduced

Tool Steel Steel Slitter Blades 4x
Alumina Aluminum Cutter Inserts 2x
M1 Steel Drills 2x
M2 Steel Cut-Off Tools 3x
M2 Steel Thread Dies 5x
WC Graphite Drills 6x
D2 Paper Slitter Blades 2x
WC Fiberboard Cutter Inserts 2x
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Application
Area

Tool Material Application Lifetime
Increase

Additional Benefits

Forming Tools D3 Steel Forming Tools 3x Greatly Reduced
Adhesive Wear

D2 Steel Forming Die For Aluminum
Can Bottoms

3x Markedly Reduced
Pick-Up

WC/Co Wire Dies 5x Improved Surface
Finish

WC/Co Punch and Die Sets For Sheet
Steel

4-6x Improvement Remains
After Resharpening

S7 Compacting Punches; Bronze
Powder

6x

D2 (Nitrided) Compacting Punches and Die;
Compounding Mineral-Filled
Epoxy

2.5x

D2 Draw Die; Drawing .034 in.
305 Stainless Steel (Electronic
Can)

> 15x
Before
Polishing

Galling Reduced

Chrome Plate
(D2)

Draw Punches; Ironing .125
in. 4140 Hot-Rolled Steel

5x

Carbide High-Speed Stamping Dies;
.016 in. Phosphor Bronze
(Electronic Connectors)

3x

Chrome Plate
(P20)

Mold Cavities; Injection
Molding 20% Glass Fiber-
Reinforced Polyester (Auto
Parts)

> 10x

Chrome Plate
(A2)

Mold Cavities; Injection
Molding Phenolic (50% Glass
+ Mineral Filled)

10x

M2 Pierce Punches; 1/2 in. Hot-
Rolled Steel

12x

M2 Pierce Punches and Dies; .1 in.
CA110 Copper (Starting
Motor Contacts)

4x

D2, M2 Slide-Forming Dies; .012 in.
1074 Spring Steel (Electrical
Clips)

10x

S5 Tablet Compacting Punches;
Compacting Pharmaceutical
Powder (Ibuprofen)

Sticking Reduced

WC Steel Wire Dies 4x
Chrome Plate,
01

Steel Wire Guides 4x

H13 Copper Mill Rolls 2-5x Improved Finish
ASP-23, A2,
D2

Aluminum Scoring Dies 3-6x

WC Steel Swaging Dies 2x
Carburized
Steel

Steel Forming Tools 3x
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Application
Area

Tool Material Application Lifetime
Increase

Additional Benefits

Forming Tools
(continued)

WC Steel Deep Draw Dies 2x

D2 Powdered Metal Compacting
Punches

2x

D2 Aluminum Forming Punches Reduced
Pick-Up

M2 Spring Steel Punches 2x
M2, D2, WC Titanium Punches and Dies 2-5x
WC Silicon Steel Punch and Die

Sets
5x

Chrome Plate Copper Flaring Tools 4x

Application
Area

Tool Material Application Lifetime
Increase

Additional Benefits

Non-Metallic
Applications

WC Enamel Dental Burrs 3-5x

WC Tin Plate Sleeves 5x Easier Stripping
P20 Steel Profile Die For Plastic

Extrusion
4x Improved Surface

Finish
Diamond
Tools

Plastic Cutting 4x Quality Maintained

Tool Steel Nitrided Steel Molds 2x Combination Better
Than Either Process
Alone

Nitrided Tool
Steel H13

Calibrator Die 3x Accuracy Maintained

420 Stainless
Steel

Plastic Calibrator Dies;
Shaping Extruded Vinyl
Siding

2x

D2, S7 Plastic Injection Molding
Nozzles

2x

D2, S7 Plastic Injection Molding
Gates

2x

Tool Steels Plastic Injection Mold Feed
Screws

2-10x

Tool Steel Plastic Molds; Nylon 3x Improved Corrosion
Resistance

S7 Plastic Molds Better Release
D2 Acetate Punches 2x
WC Rubber Slitter Blades 10x
M2 Phenolic Resin Thread Taps 10x
WC P.C. Epoxy Board Drills 2-3x
Diamond Plastic Cutting Tools 2x
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E.2 Metal Ion Implantation Successful Demonstrations

Application
Area

Tool Material Application Lifetime
Increase

Additional Benefits

Aerospace Jet Engine Bearings 2.5x
Cutting Tools WC/Co Drilling Tool Inserts 2.2x

WC/Co End
Mill

Milling Tool Inserts 3.75x 1.5x Cutting Rate

WC/Co Threading Tool Inserts 2.85x
Ti/N Coated
WC/Co

Turning Tool Inserts 2.5x 1.58x Cutting Rate

Ti/N Coated
WC/Co

Turning Tool Inserts 1.67x 1.5x Cutting Rate

Ti/N Coated
WC/Co

Grooving Tool Inserts 2x 1.43x Cutting Rate
and 2x Depth of Cut

WC/Co Turning Tool Inserts 3x Improved Surface
Finish
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Appendix F

Environmental Costs Not Incurred
In The Use of Ion Beam Processing Technologies

F.1 Introduction

The cadmium and chromium electroplating industry is subject to worker health and safety regulations as
well as media-specific environmental regulations for air, water, and solid waste, and multimedia regulations
being developed under EPA’s Common Sense Initiative.  The industry incurs a number of costs in order to
comply with these stringent regulations which are outlined below.  Much of these costs result from the
treatment and disposal of wastewater and sludge generated during the plating process and from the disposal
of spent plating baths.  Some costs are incurred to comply with worker safety and health regulations which
pertain to the control of ambient concentrations of contaminants at the work place.  None of these costs are
incurred by the ion beam surface finishing industry because this industry does not use cadmium and
chromium compounds in ways that result in contamination.  This appendix provides an overview of the
regulations affecting the cadmium and chromium electroplating industry and presents several independent
estimates of the costs which are incurred by this industry to comply with these regulations.

F.2 Regulations

F.2.1 Worker Health and Safety Regulations

Many of the people contacted in the site visits indicated that worker health and safety regulations
promulgated by the Occupational Health and Safety Administration (OSHA) were the most important driver
for emissions controls.  OSHA has promulgated standards for worker exposure called permissible exposure
limits (PELs).  PELs regulate the concentration of a given substance that may be present in the air inhaled
by workers.

OSHA completed a major revision of PELs in 1989 (54 FR 2332; January 19, 1989), but the revision was
overturned by the U.S. Court of Appeals for the Eleventh Circuit in 1992 [AFL-CIO v. OSHA, 965 F.2d 962
(11th Cir., 1992)].  OSHA revoked the 1989 PELs on June 30, 1993, and reinstated the previous limits (58
FR 35338; June 30, 1993).  OSHA is considering reinstating the 1989 PELs for a subset of the original
1989 list of substances.  Chromium compounds are not included in this effort (Conversation with Edward
Stein, February 1, 1996).  The Oil, Chemical, and Atomic Workers International Union and Public Citizens’
Health Research Group petitioned OSHA on July 19, 1993, for an emergency temporary standard of 0.5
ug/l as an eight hour time weighted average for hexavalent chromium.  OSHA denied the request due to
lack of sufficient data, but is working on a rulemaking regarding the regulation of hexavalent chromium.  A
proposed rule is expected by the end of 1996, but the effort might be delayed due to budget considerations
(Conversation with Edward Stein, February 1, 1996).

Table 1 lists the current and vacated 1989 PELs as well as the limits recommended by the American
Conference of Governmental Industrial Hygienists (ACGIH).  OSHA frequently models PELs on
recommendations of the ACGIH.  All standards are based on an eight hour time weighted average (TWA).
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Table 1.  Hazardous Material PELs (Airborne)

Air Contaminant Current PEL Vacated
1989 PEL

ACGIH TLV

Chromic acid and chromates 0.1 mg/m3 0.1 mg/m3 0.05 mg/m3

Chromium (II) compounds 0.5 mg/m3 n/a 0.5 mg/m3

Chromium (III) Compounds 0.5 mg/m3 n/a 0.5 mg/m3

Chromium (VI) compounds, sol. n/a n/a 0.05 mg/m3

Chromium (VI) compounds, certain insol. n/a n/a 0.05 mg/m3

Chromium (VI) compounds, certain insol. n/a n/a 0.01 mg/m3

Proposed
Chromium (VI) compounds 0.0005 mg/m3

proposed by
Petitioners

Chromium, sol. chromic, chromous salts n/a 0.5 mg/m3 0.5 mg/m3

Chromium metal and insol. salts 1 mg/m3 1 mg/m3 no change
Cadmium compounds (including dust and fume)
(29 CFR 1910.1027)

0.005 mg/m3 n/a n/a

PEL = permissible exposure limit for 8-hr TWA
TLV = threshold limit value
ACGIH = American Conference of Government Industrial Hygienists

F.2.2 Water Regulations

The Clean Water Act regulates direct discharges to Waters of the United States and indirect discharges to
sewage treatment plants or publicly owned treatment works (POTW).  Direct dischargers are subject to the
National Pollutant Discharge Elimination System (NPDES).  Indirect dischargers are subject to federal
pretreatment standards and other pre-treatment standards imposed by state or local governments.  Facilities
that existed prior to July 1, 1977, are considered existing, those built after that date are considered new.
Electoplaters may be subject to the effluent limitations listed under the Electroplating Point Source
Category at 40 CFR '413 or the Metal Finishing Point Source Category at 40 CFR  '433.  The effluent
limitations that apply depend on three factors:

• Whether the facility is a direct or an indirect discharger;

• Whether the facility is new or existing; and

• Whether the facility is a captive shop which owns more than 50%  (annual area basis) of the materials

undergoing metal finishing or a job shop.

Table 2 lists the pretreatment standards for the Electroplating Point Source Category and Table 3 lists the
pretreatment standards for the Metal Finishing Point Source Category.
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Table 2.  Pretreatment Standards for the Electroplating Point Source Category

Facilities Discharging <10,000 gpd Facilities Discharging >10,000 gpd
Pollutant Daily Maximum

(mg/l)
Max. 4 Day
Average (mg/l)

Daily Maximum
(mg/l)

Max. 4 Day
Average (mg/l)

Cadmium 1.2 0.7 1.2 0.7
Chromium N/A N/A 7.0 4.0
Cyanide 5.0 2.7 1.9 1.0
Total Metals N/A N/A 10.5 6.8

Table 3.  Pretreatment Standards for the Metal Finishing Point Source Category

Existing Sources New Sources
Pollutant Daily Maximum

(mg/l)
Monthly Average
(mg/l)

Daily Maximum
(mg/l)

Monthly Average
(mg/l)

Cadmium 0.69 0.26 0.11 0.07
Chromium 2.77 1.71 2.77 1.71
Cyanide 1.20 0.65 1.20 0.65

The Pretreatment standards for large electroplating facilities and new metal finishing facilities include limits
for cyanide that are either at or below the detection limit for some EPA-approved test methods based on
titration (Environmental Testing and Analysis. Volume 5, No.2.  February 1996).  Colorimetric methods
must be used to test for cyanide at these facilities at potentially greater expense.

States, local governments, and Indian Tribes may impose water quality based standards on direct
dischargers to protect designated uses, such as fishing or swimming, for a body of water.  These water
quality based standards are added to the NPDES or pretreatment requirements and may be more stringent
than those requirements.  States and local governments are not prohibited from imposing more stringent
effluent limitations than those specified by EPA on both direct and indirect discharges.

F.2.2.1 New Requirements

EPA Administrator Carol Browner introduced the Common Sense Initiative (CSI) in 1994.  The goal of CSI
is to incorporate flexibility and innovation into environmental regulation in order to achieve better
environmental results for a given investment by industry.  EPA has convened representatives from federal,
state, and local governments, community and national environmental groups, environmental justice groups,
labor, and industry to examine the regulatory requirements impacting six pilot industries.  The Metal
Finishing industry is one of the pilot industries and EPA is developing regulations for the Metal Products
and Machinery (MP&M) category under the CWA in the context of CSI.

The MP&M category covers facilities that “manufacture, rebuild, and maintain finished metal parts,
products, or machines.”  Electroplating is one of 47 unit operations covered by the rule which may overlap
with and eventually replace the Metal Finishing Point Source Category.  EPA published the proposed Phase
I Metal Products and Machinery rule on May 30, 1995 (60 FR 28209).  Phase I covers sources in the
aerospace, aircraft, hardware, electronic equipment, ordnance, mobile industrial equipment, and stationary
industrial equipment industries.  EPA estimates that more than 10,000 sources could be affected by Phase I,
with about 85% indirect dischargers and 15% direct dischargers.  Phase II will cover sources in the motor
vehicle, office equipment, railroad, precious metals, household appliances, bus and truck, instruments, and
shipbuilding industries.  New sources and existing sources with a combined process wastewater discharge
of one million gallons per year or more will be subject to the concentration limits for cadmium, chromium,
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and cyanide listed in Table 2 (from proposed MP&M rule).  These new concentration limits are shown in
Table 4 below.

Table 4.  New Concentration Limits Per Proposed MP&M Rule

Pollutant Daily Maximum - mg/l Monthly average - mg/l
(may not exceed this value)

Cadmium 0.7 0.3
Chromium 0.3 (currently 2.77) 0.2 (currently 1.71)
Cyanide 0.03 0.02

F.2.2.2 Centralized Waste Treatment

EPA proposed regulations for centralized waste treatment (CWT) facilities on January 27, 1995 (60 FR
5464).  CWT facilities are facilities that receive waste from off-site for treatment.  According to Bill
Sonntag, director of government affairs for the American Electroplaters and Surface Finishers Society,
many companies in the metal finishing industry rely on CWT facilities to treat certain wastes.  These wastes
include treatment residues, tank bottoms, and peak flows exceeding on-site capacity.  EPA estimates that the
cost of compliance with the proposed rule would be about $2 million per facility.  Annual operating and
maintenance costs would increase by about $800,000 per facility.  EPA also estimates that about 15% of
CWTs would go out of business and up to 35% would be at risk of going out of business as a result of the
regulations.  Increased costs for waste treatment and fewer CWT facilities available for treatment of
electroplating wastes would increase the costs of cadium and chromium electroplating.  (Plating and Surface
Finishing, July 1995, pp.30-31)

F.2.3 Air Regulations

Title III of the Clean Air Act Amendments of 1990 addresses the emissions of hazardous air pollutants
(HAP).  The list of 189 HAPs established by EPA includes cadmium and chromium compounds.  Affected
sources have been assigned source categories by EPA and a timetable for the promulgation of national
emission standards for hazardous air pollutants (NESHAP) was published on December 3, 1993.  EPA
promulgated National Emission Standards for Chromium Emissions From Hard and Decorative Chromium
Electroplating and Chromium Anodizing Tanks on January 25, 1995 (60 FR 4947).  The deadline for
promulgation of the NESHAP for the Miscellaneous Metal Parts and Products subcategory of the Surface
Coating Processes category is November 15, 2000.

The Chromium Electroplating NESHAP regulates both small and large, major and minor sources.  Major
source emit 10 tons per year (tpy) of a single HAP or 25 tpy of a combination of HAPs.  For the purposes of
the Chromium Electroplating NESHAP, small sources must have a maximum cumulative potential rectifier
capacity below 60 million ampere-hours per year.  Existing hard chromium plating tanks at small, hard
chromium electroplating facilities must meet an emissions limit of 0.03 mg/l, based on the performance of a
packed-bed scrubber.  All new hard chromium tanks and existing hard chromium tanks located at large,
hard chromium electroplating facilities must meet an emissions limit of 0.015 mg/l, based on the
performance of a composite mesh-pad system.  All decorative chromium tanks and chromium anodizing
tanks at new and existing facilities must meet an emissions limit of 0.01 mg/l or must have a surface tension
that does not exceed 45 dynes per cubic centimeter, based on the use of fume suppressants.  There is no
emissions limit for decorative chromium tanks using trivalent chromium, but the operators of these tanks
must follow certain work practice requirements.

F.2.4 Solid Waste Regulations
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Several wastes associated with the electroplating industry are listed hazardous wastes in 40 CFR '261.31 of
the regulations implementing the Resource Conservation and Recovery Act (RCRA).  The following are
examples of such wastes:

• F006 - Wastewater treatment sludges from electroplating operations, except for certain sludges

associated with aluminum, tin, and zinc plating operations;

• F007 - Spent cyanide plating bath solutions from electroplating operations;

• F008 - Plating bath residues from the bottom of plating baths from electroplating operations where

cyanides are used in the process;

• F009 - Spent stripping and leaning bath solutions from electroplating operations where cyanides are

used in the process.

In addition to listed wastes, chromium and cadmium plating operations may generate characteristic
hazardous wastes that exhibit the characteristics of ignitability, reactivity, corrosivity, or toxicity according
to 40 CFR '261.20 et. seq.

RCRA imposes stringent requirements on generators of hazardous wastes.  Generators are responsible for
the proper storage, transportation, treatment, and disposal of the wastes they generate.

F.2.5 Foreign Regulations

Foreign regulations governing cadmium and chromium may also be a consideration in certain markets.  In
some cases, foreign regulations are more stringent than those in the U.S.  In Germany, the limit for
cadmium in ambient air is 0.04 :g/m3, more than two orders of magnitude less than the OSHA standard.
The limit for cadmium in wastewater for coating operations is 0.1 mg/l, three times more stringent than the
monthly average proposed in EPA’s MP&M rulemaking (Risk Reduction Monograph No. 5: Cadmium;
Organization for Economic Co-operation and Development; 1994).

F.3 Cost

This section presents several independent estimates of the costs which are incurred by the cadmium and
chromium electroplating industry resulting from the regulations outlined above, which are not incurred by
the ion beam surface finishing industry.

F.3.1 Industry Cost Estimate

Bill Sonntag, Director of Government Relations for NAMF and AESF, estimated that the metal finishing
industry has spent $42 million, or 27% of capital expenditures on pollution prevention.  He estimates that
the industry has spent $218 million, or about 5.7% of sales, on pollution control (minutes of the January 19,
1995 Metal Finishing Subcommittee of EPA’s Common Sense Initiative)

F.3.1.1 Worker Safety and Health

OSHA prepared a cost estimate for compliance with its proposed PEL of 5 :g/m3 on February 6, 1990 (55
FR 4052).  OSHA estimated that the cost of compliance with the proposed PEL would be $194,700 for the
industry and $470,700 for all of the electroplaters working in the industry, for a total of $665,400 in 1987
dollars.  OSHA determined that there are approximately 1,166 shops electroplating predominantly with
cadmium.  OSHA estimated that the costs would be $200 per plant and $78 per employee representing



1-1791.96 F-6
APP_E.doc

about 7.59% of the profit of the average electroplating shop.  A price increase of 0.33% on shop products
would be necessary to recover the costs of compliance.  OSHA indicated that exposures were already low in
most plating shops and that resulted in very low cost estimates for compliance with the proposed (now final)
PEL of 5 :g/m3.

F.3.1.2 Environmental

EPA estimated the cost of compliance for MP&M Phase I sites in 1989 dollars using the MP&M Design
and Cost Model.  EPA chose 396 model sites for development of the cost model based on whether the sites
generated revenue from an MP&M Phase I sector, discharged wastewater, and supplied sufficient economic
and technical data required to estimate compliance costs and assess cost effectiveness of the technology
options.  Wastewaters that were contract hauled off site, deep-well injected, or discharged to septic systems
were not included in the model.  The model uses survey weights to project estimates from the model sites to
the 10,601 identified MP&M Phase I sites.  Separate cost estimates were made using each of five sets of
treatment technology options.

Option 1 is end-of-pipe treatment and includes the following technologies:

• Chemical precipitation and sedimentation (including sludge dewatering using gravity thickening, and

pressure filtration);

• Oil/water separation through chemical emulsion breaking and either skimming or coalescing;

• Cyanide destruction through alkaline chlorination;

• Chemical reduction of hexavalent chromium;

• Chemical reduction of chelated metals; and

• Contract hauling of solvent degreasing wastewaters.

Option 2 is end-of-pipe treatment and in-process source reduction and recycling.  Option 2 is EPA’s
preferred option for direct dischargers and includes the following technologies:

• The technologies included for Option 1;

• Flow reduction with flow restrictors, conductivity controllers or timed rinses, and countercurrent

cascade rinsing for all flowing rinses;

• Flow reduction through manual control of the wastewater discharge rate or through analytical testing

and maintenance of bath chemistry for all other process water-discharging operations;

• Centrifugation and 100 percent recycling of painting water curtains;

• Centrifugation and pasteurization to extend the life of water-soluble machining coolants, reducing

discharge volume by 80 percent; and

• In-process metals separation and revere with ion exchange followed by electrolytic recovery of the

cation regenerants for selected electroplating rinses.  This includes first-stage drag-out rinsing (when

necessary) with electrolytic metal recovery.  These technologies were not applied to chromium

electroplating rinses because chromium is not amenable to electrolytic recovery.

Option 1A is a tiered option for “low” flow and “high” flow sites which was established only for indirect
dischargers.  “Low” flow sites are defined as sites with a discharge volume of less than 1,000,000 gallons
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per year.  “Low” flow sites would be required to comply with the concentration-based standards of Option
1.  “High” flow sites have a discharge volume of greater than 1,000,000 gallons per year and would be
required to comply with the mass-based standards of Option 2.

Option 2A is end-of-pipe treatment and in-process source reduction and recycling for “high” flow sites.
This option was established for indirect dischargers and is EPA’s preferred option for indirect dischargers.
Option 2A requires “high” flow indirect sites to comply with the mass-based standards of Option 2.
Existing “low” flow indirect sites would be exempt from the standards and new indirect sites would be
required to comply with the mass-based standards of Option 2.

Option 3 is advanced end-of-pipe treatment and recycling.  Option 3 includes the technologies of Option 2
plus end-of-pipe ion exchange with 90% reuse of treated wastewater.

The cost estimates developed by EPA as part of the MP&M Phase I rulemaking apply to all sources in
Phase I, not just electroplaters.  Because the cost estimates are based on technology options that could be
appropriate for electroplating, they are a useful source of compliance cost data for Cd and Cr electroplating.
In the CAI Engineering study discussed below, 58% of the zero discharge shops were small hard chrome
plating shops.  The study states that “the hard chrome process is one of the easiest to operate as a close-
loop.” (CAI Engineering study, p.20)  Only 8% of all shops in the study achieved zero discharge, but it is
important to note that zero discharge facilities did not meet the criteria to be included in the development of
the MP&M Design and Cost Model.

Table 5a contains the cost estimates developed by EPA using the MP&M Design and Cost Model.  Table
5b contains the same cost estimates divided by the 10,601 sites.  Option 2 is EPA’s preferred option for
direct dischargers and Option 2A is the preferred option for indirect dischargers.

Table 5a Results of EPA’s MP&M Design and Cost Model
(adapted from Table 12-1 in the development document)

Option Number Indirect Dischargers Direct Dischargers
Total Capital
Investment
(millions of 1989
dollars)

Operating,
Maintenance, and
Monitoring
(millions of 1989
dollars)

Total Capital
Investment
(millions of 1989
dollars)

Operating,
Maintenance, and
Monitoring
(millions of 1989
dollars)

1 277 267 45.9 14.8
2 433 241 59.0 13.1
3 1,160 677 148 88.4
1A 434 236 N/A N/A
2A 337 145 N/A N/A

Table 5b Results of EPA’s MP&M Design and Cost Model Per Facility
(adapted from Table 12-1 in the development document)

Option Number Indirect Dischargers Direct Dischargers
Total Capital
Investment
(thousand 1989
dollars)

Operating,
Maintenance, and
Monitoring
(thousand 1989
dollars)

Total Capital
Investment
(thousand 1989
dollars)

Operating,
Maintenance, and
Monitoring
(thousand 1989
dollars)

1 26.1 25.2 4.3 1.4
2 40.8 22.7 5.6 1.2
3 109.4 63.9 14.0 8.3
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1A 40.9 22.3 N/A N/A
2A 31.8 13.7 N/A N/A

F.3.1.3 CAI Engineering Study

The National Center for Manufacturing Sciences published Pollution Prevention and Control Technology
for Plating Operations, a study which evaluates pollution prevention  and pollution control technologies
used in electroplating operations in 1994.  A survey of active electoplating shops was made to support the
study, which was conducted by George Cushnie of CAI Engineering.  The study includes cost information
for end-of-pipe pollution control equipment, among other things.  Table 6 shows the median and mean
capital and annual operating costs for the end-of-pipe pollution control equipment at 184 electroplating
shops which have chromium and cadmium electroplating facilities and which responded to the survey.
These data represent the cost of wastewater and sludge treatment resulting from all operations at each of the
184 electroplating shops.

Table 6.   Cost Data for End-of-Pipe Treatment Equipment at Cd and Cr Electroplating Shops From
CAI Engineering Study of Electroplating Industry

Statistical Parameter Initial Capital Cost
(1993 dollars)

Annual Operating Cost (1993
dollars)

Median $164,596 $47,370
Mean $295,025 $86,988
Sample Size 130 155

The data for initial capital cost represent only the initial capital purchase and do not include the cost of
additional control equipment purchased subsequently.  In order to facilitate comparison, all costs were
converted to 1993 dollars using the Chemical Engineering Plant Cost Index published monthly in Chemical
Engineering magazine.

The costs for end-of-pipe treatment were included in this study because they are not recoverable by the
electroplating shop and they are costs which are not incurred by facilities using ion beam surface finishing
technologies.  The costs associated with pollution prevention and recycling for the electroplating shops
were not included because these costs are at least partially offset by savings from reduced usage of process
chemicals and reduced waste treatment and disposal costs.

F.3.1.4 Other Costs

Waste treatment and disposal costs are commonly considered the highest added costs for using
electroplating for metal finishing applications.  There are, however, unique factors associated with
electroplating that can be more costly than waste treatment and disposal.  Dr. Peter Gruenbaum, with the
Comprehensive Chemical Reduction Program at Boeing’s defense group, has prepared a cost-benefit
analysis for chromium electroplating and its alternatives.  Dr. Gruenbaum has determined that post-plate
grinding and masking represent a significant portion of the cost of chromium electroplating, exceeding the
cost of waste treatment and disposal.  His estimated were made in Boeing’s newest plating facility which
utilizes state-of-the-art waste reduction equipment and techniques.  Keith Lash at Northwestern University
has independently reported similar cost information for chromium electroplating, according to Dr.
Gruenbaum.  Table 7 shows the results of Dr. Gruenbaum’s cost-benefit study.

Table 6.  Results of Boeing Cost-Benefit Study of Chromium Electroplating

Process Percentage of Total Cost

Post-Plate Grinding/Finishing 26.22
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Set-Up and Masking 19.80
Process Operation Labor 19.49
Materials (maintenance) 12.77
Waste 9.84
Shot Peening 7.47
QA Labor 3.40
Materials (consumed) 0.78
Electricity 0.23
Total 100.00

F.3.1.5 Canada’s Costs

In 1983, Environment Canada surveyed the Canadian surface finishing industry (Overview of the Canadian
Surface Finishing Industry.  December 1987.  Report EPS 2/SF/1. Environment Canada).  Out of a total of
539 shops, 15% reported data on treatment costs.  The survey divided treatment costs into three categories.
Approximately 32% of respondents reported treatment costs of between $0 and $10,000 per year.  Another
32% reported treatment costs of between $10,000 and $50,000 per year.  The remaining 36% reported
treatment costs greater than $50,000 per year (1983 Canadian dollars).


